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ABSTRACT 


This  report  covers  in  detail  the  solid  state  research  work  of  the  Solid 
State  Division  at  Lincoln  Laboratory  for  the  period  1  February 
through  30  April  1986.  The  topics  covered  are  Solid  State  Device 
Research,  Quantum  Electronics,  Materials  Research,  Microelectron¬ 
ics,  and  Analog  Device  Technology.  Funding  is  provided  primarily 
by  the  Air  Force,  with  additional  support  provided  by  the  Army, 
DARPA,  Navy,  SDIO,  NASA,  and  DOE. 
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INTRODUCTION 


1.  SOLID  STATE  DEVICE  RESEARCH 

Two-tone  intermodulation  distortion  in  interferometric  optical  waveguide  modulators  has  been  ana¬ 
lyzed.  Peak  amplitudes  of  sinusoidal  input  voltages  must  be  less  than  0.09  in  order  to  maintain 
greater  than  40-dB  intermodulation  suppression. 

Mass-transported  GalnAsP/InP  buried-heterostructure  lasers  have  been  successfully  fabricated  on 
p-type  InP  substrates.  The  advantages  of  the  p-substrate  for  low  electrical  resistance,  fabrication 
simplicity,  and  improved  wafer  uniformity  have  been  demonstrated. 

2.  QUANTUM  ELECTRONICS 

The  output  of  a  CW  room-temperature  TLAI2O3  laser  has  been  continuously  tuned  from  693  to 
948  nm.  This  tuning  range  is  limited  by  the  bandwidth  of  the  cavity  mirrors,  not  by  the  gain  band¬ 
width  of  the  laser  crystal. 

Further  studies  of  the  Er:YAG  laser  as  a  potential  energy  storage  medium  for  diode  laser  pumping 
have  demonstrated  an  internal  quantum  slope  efficiency  of  20  percent  at  moderate  pump  intensities. 
Model  predictions  indicate  that  much  higher  efficiencies  should  be  obtainable  at  higher  pump  levels. 

LiNbC>3  devices  utilizing  the  transverse  electro-optic  effect  are  being  investigated  as  intracavity  wave¬ 
length  selectors  for  fast  laser  tuning.  Initial  studies  have  been  conducted  concerning  optical  damage, 
and  operation  in  the  desired  wavelength  range  (0.7  to  0.9  jum)  appears  feasible. 

Spectroscopic  observation  of  coupled  states  in  a  double  quantum  well  system  has  been  made.  Well- 
defined  coupled  states  indicate  the  quality  of  the  samples  and  raise  the  possibility  of  a  quantum 
mechanical  transport  device. 

Time  response  of  the  permeable  base  transistor  (PBT)  to  large-signal  ultrafast  pulses  has  been  stud¬ 
ied.  These  experiments  have  established  that  the  PBT  can  amplify  large  signals  that  rise  and  fall  in  a 
time  interval  at  least  as  fast  as  50  ps. 

3.  MATERIALS  RESEARCH 

To  obtain  data  for  optimizing  the  design  of  reactors  for  growing  II1-V  layers  by  organometallic 
vapor  phase  epitaxy,  the  gas  flow  patterns  in  a  vertical  reactor  tube  have  been  visualized  by  using  a 
sheet  of  laser  light  to  illuminate  smoke  particles  of  Ti02  transported  through  the  tube  in  a  stream  of 
He  gas.  The  test  results  suggest  that  the  preferred  approach  for  growing  uniform  epilayers  with 
abrupt  compositional  changes  is  to  combine  gas  injection  through  a  porous  plug  with  low-pressure 
operation,  which  will  minimize  convective  instabilities  resulting  both  from  thermal  gradients  and 
from  switching  between  gases  of  different  densities,  such  as  arsine  and  phosphine. 

Light  emission  normal  to  the  surface  of  a  GaAs/AlGaAs  wafer  has  been  obtained  by  fabricating 
edge-emitting  double-heterostructure  diode  lasers  with  a  monolithic  45°  deflector  adjacent  to  one  of 


xi 


the  laser  facets.  The  deflector  and  adjacent  facet  were  formed  by  ion-beam-assisted  etching,  while  the 
other  facet  was  cleaved.  Diode-laser/deflector  devices  with  two  etched  laser  facets  could  be  used  to 
fabricate  monolithic  two-dimensional  laser  arrays. 

Fully  monolithic  integration  of  GaAs/AlGaAs  LEDs  and  Si  MOSFETs  connected  in  series  has  been 
achieved  for  devices  fabricated  on  a  wafer  prepared  by  using  molecular  beam  epitaxy  to  grow 
GaAs/AlGaAs  layers  on  a  Si  substrate.  By  applying  a  stream  of  voltage  pulses  to  the  MOSFET  gate, 
a  LED  modulation  rate  of  10  MHz  has  been  obtained. 

CMOS  devices  with  effective  channel  lengths  as  short  as  0.7  have  been  fabricated  in  zone- 
melting-recrystallized  silicon-on-insulator  films  prepared  by  the  graphite-strip-heater  technique. 
Because  low-temperature  processing  was  used  to  minimize  dopant  diffusion  along  subboundaries  in 
the  films,  these  devices  exhibit  low  leakage  currents  (<0.1  pA//nm),  small  short-channel  effects,  and 
high-speed  performance. 

For  as-grown  Ti:Al203  samples  with  the  lowest  residual  infrared  absorption  for  a  given  Ti3+  intra- 
atomic  absorption,  the  residual  absorption  has  been  found  to  be  proportional  to  the  square  of  the 
Ti3+  absorption,  which  peaks  at  490  nm.  When  one  of  these  samples  was  annealed  in  an  oxygen- 
argon  atmosphere  to  oxidize  some  of  the  Ti3+  ions  to  Ti4+  ions,  the  resulting  decrease  in  Ti3+  absorp¬ 
tion  was  accompanied  by  an  increase  in  residual  absorption,  suggesting  that  the  residual  absorption 
is  associated  with  Ti3+-Ti4+  pairs. 


4.  MICROELECTRONICS 

Polysilicon  interconnections  were  locally  deposited  on  oxide-covered  silicon  wafers  by  pyrolysis  of 
silane  using  a  scanned  ArMaser  spot,  and  were  subsequently  reacted  with  WF6  vapor  to  form  a 
tungsten-silicon  composite  interconnect  by  the  silicon  reduction  of  WF^.  This  process  enhances  the 
conductivity  of  0.4-jum-thick  polysilicon  conductors  up  to  20-fold  by  formation  of  a  surface  tungsten 
layer  having  approximately  the  bulk  conductivity  value. 

A  new  method  for  the  fabrication  of  submicron-gatelength  GaAs  MESFETs  with  self-aligned  ohmic 
contacts  has  been  demonstrated.  This  method  combines  conventional  lithography  and  a  recently 
developed  Pd-Ga-Au  ohmic  contact  metallization  to  achieve  device  dimensions  usually  associated 
with  electron-beam  lithography. 

Testable,  restructurable,  and  fault-tolerant  Baugh-Wooley  two’s-complement  array  multipliers  have 
been  designed.  E-beam  programmable  floating  gate  devices  and  e-beam  induced  currents  are  used  to 
achieve  the  testability  and  restructurability  of  the  circuits. 

A  packaging  jig  has  been  designed  and  tested  for  the  rapid  assembly  of  whisker-contacted  devices, 
such  as  quantum  wells,  for  the  submillimeter  region. 

5.  ANALOG  DEVICE  TECHNOLOGY 

A  superconductive  analog  signal  correlator  for  2-GHz-bandwidth  input  signals  has  been  fabricated 
and  tested.  The  device  includes  a  Josephson-junction  peak  detector  to  measure  integrated  correlation 
amplitudes;  its  measured  response  shows  nearly  linear  integration  of  input  signals  of  an  approxi¬ 
mately  2-/jis  duration. 
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Measurements  of  bulk-acoustic  propagation  loss  and  holographic-grating  reflection  coefficients  of 
iron-doped  lithium  niobate  with  iron  concentrations  from  0.005  to  0.05  percent  indicate  that  the 
material  is  adequate  for  resonators  with  fundamental  frequencies  of  2  to  5  GHz  and  quality  factors 
of  105.  A  1.3-GHz  resonator  with  a  Q  of  4.3  X  103  has  been  demonstrated. 

In  a  canceler  designed  for  the  removal  of  rapidly  changing  narrowband  interference  in  a  wideband 
channel,  a  phase-locked  loop  (PLL)  tracks  and  regenerates  the  interference,  and  a  feedback  loop  is 
used  to  adjust  the  amplitude  and  phase  of  the  PLL  output  so  that  it  will,  upon  summation  with  the 
input  signal,  exactly  cancel  the  interference.  Interference  suppression  of  40  dB  and  a  settling  time  of 
20  ns  have  been  demonstrated  across  a  100-MHz  bandwidth. 
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1.  SOLID  STATE  DEVICE  RESEARCH 


1.1  INTERMODULATION  DISTORTION  IN  INTERFEROMETRIC 
OPTICAL  MODULATORS 

Analog  optical-fiber  communication  links  are  being  actively  developed  for  many  applications 
in  radar  and  telemetry  systems.  One  attractive  scheme  for  implementing  such  analog  links  is  to 
employ  a  constant-power  optical  source  with  a  high-speed  external  modulator.  Guided-wave  opti¬ 
cal  modulators  with  bandwidths  as  high  as  16  GHz  have  been  demonstrated.1'2  However,  the 
dynamic  range  of  analog  links  employing  these  modulators  can  be  limited  by  modulator  non- 
linearities.  An  experimental  and  theoretical  study  of  harmonic  distortion  in  optical  waveguide 
modulators  has  been  previously  reported.3  In  many  systems  though,  particularly  those  operating 
over  a  narrow  fractional  bandwidth,  intermodulation  distortion  will  be  the  limiting  factor  in 
achieving  wide  dynamic  range.  Here,  we  present  the  results  of  a  theoretical  analysis  of  two-tone 
intermodulation  distortion  in  interferometric  waveguide  modulators. 

The  analog  link  being  considered  is  illustrated  in  Figure  1-1.  It  contains  a  single-mode 
channel-waveguide  Mach-Zehnder  interferometric  modulator  which  is  driven  by  an  input  voltage 
Vin  and  operated  with  a  phase  bias  of  approximately  7t/2  such  that  the  power  out  of  the  modula¬ 
tor,  P(t),  is  approximately  linear  in  V;n.  The  system  output  voltage  Vout  is  proportional  to  P(t) 
and  is  given  by  the  relation 

Vout(t)  =  V0  {sin  |>(t)  +  <*>e]  +  1}  (1-1) 


Figure  1-1.  Analog  optical-fiber  communication  link  consisting  of  constant-power  optical  source, 
interferometric  modulator,  optical  fiber,  detector,  and  amplifier. 
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where  </>(t)  is  the  applied  phase  difference  between  the  two  arms  of  the  device,  and  <£E  is  the 
phase  bias  error.  It  is  also  assumed  that  the  phase  difference  <£(t)  is  linearly  proportional  to  the 
modulator  drive  voltage  Vin(t)  and  is  given  by 


^vin(t) 

m  = 

v  7 r 


(1-2) 


where  is  equal  to  the  voltage  variation  required  for  maximum  on-off  modulation.  The  non- 
linearities  and  consequent  distortions  analyzed  here  are  associated  with  the  sinusoidal  nature  of 
the  system  response.  Although  this  analysis  is  focused  on  Mach-Zehnder  interferometers,  the 
results  apply  to  any  system  with  a  sinusoidal  transfer  function. 

To  analyze  two-tone  intermodulation  distortion,  we  assume  that  the  input  voltage  consists  of 
two  simultaneous  equal-amplitude  sinusoidal  signals  which  result  in  a  phase  modulation 

</>(t)  =  </>m( sin  ojjt  +  sin  a)2t)  (1-3) 


If  the  output  of  the  analog  link  is  filtered  to  block  the  dc  component,  then  the  output  voltage 
can  be  written  in  series  form  as 


Vout(t)  =  X  Vk  0(sin  +  sin 
k=0 


kcv2t)  +  X  S  Vk£[sin  (kaq  +  £oj2)  t 
k=l  1=1 


+  sin  (kco[  -  la j2)  t] 


(1-4) 


where  the  relative  values  of  the  coefficients  Vk£  are  a  function  of  the  drive-signal  amplitude 
</>m(t).  The  first  and  second  summations  correspond  to  harmonic  and  intermodulation  distortion, 
respectively.  The  harmonic  distortion  occurs  at  integral  multiples  of  aj|  and  oj2  and  can  be 
removed  by  filtering  in  any  system  which  operates  over  less  than  an  octave  bandwidth.  The  domi¬ 
nant  intermodulation  components  of  Vout(t)  are  represented  by  the  coefficients  V(  2  =  V2  j.  If 
cui  **  co2,  the  dominant  intermodulation  frequencies  2co(  -  w2  and  2co2  -  a)i  will  be  close  to  the 
drive  frequencies.  These  intermodulation  components  cannot  always  be  removed  by  filtering  if  we 
allow  qjj  and  co2  to  assume  any  value  in  the  bandwidth  of  the  system. 

The  amplitude  coefficients  Vk£  are  determined  by  combining  Equations  (1-1)  and  (1-3)  and 
expanding  the  result  in  a  Bessel-function  series.  The  amplitude  terms  V(  0  for  the  fundamentals, 

Vj  2  for  the  dominant  intermodulation  signals,  V20  for  the  second  harmonics,  and  V30  for  the 
third  harmonics  are  then  given  by  the  expressions 

vl,0  =  2VoJi(0m)  Jo(</>m)  cos  <fiE 

v  1,2  =  2V0J,(d>m)  J2(</>m)  cos  </>E 

V2,0  =  2V0J2(d>m)  Jo(^m)  s'n 

V3,0  =  2V0J3(d>m)  Jo(^m)  cos 
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where  Jn  is  the  nth-order  Bessel  function.  These  results  show  that  in  analog  links  with  over  an 
octave  bandwidth,  where  second-harmonic  products  cannot  be  filtered  out,  the  phase  bias  error 
</>p  must  be  kept  close  to  zero.  Conversely,  third-order  intermodulation  products  cannot  always 
be  filtered  out  and  these  are  insensitive  to  </>p  when  </>p  «  0. 

The  output  power  of  the  link  at  the  fundamental  and  intermodulation  frequencies  as  a 
function  of  normalized  drive  power  is  shown  in  Figure  1-2  by  plotting  20  log  (|Vk£  |/V0)  vs 
20  log  (2</>m/7r)  for  Vj  q  and  V12  assuming  </>p  =  0.  For  low  input  drive  power  there  is  a  factor- 
of-3  difference  in  slope  between  the  two  curves,  which  is  expected  for  this  third-order  intermodu¬ 
lation  process.  Extrapolation  to  the  intermodulation  intercept  point  is  also  shown  and  occurs 
when  </>m  =  162°.  These  results  can  be  used  to  determine  the  upper  end  of  the  dynamic  range  in 
systems  limited  by  intermodulation  distortion.  For  example,  suppression  of  third-order  intermodu¬ 
lation  products  to  a  level  40  dB  below  the  fundamental  requires  that  </>m  be  restricted  to  a  level 
more  than  20  dB  below  162°  or,  equivalently,  </>m  ^  16.2°,  which  corresponds  to  an  input  voltage 
peak  amplitude  of  0.09  for  each  sinusoidal  input. 

L.M.  Johnson 
R.C.  Williamson 
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Figure  1-2.  Plot  of  fundamental  and  intermodulation  product  power  levels  as  a  function  of  electrical  drive 
power  Extrapolation  to  the  intermodulation  intercept  is  shown. 
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1.2  HIGH-PERFORMANCE  MASS-TRANSPORTED  p-SUBSTRATE  GalnAsP/InP 
BURIED-HETEROSTRUCTURE  LASERS  AND  THEIR  ARRAYS 

The  use  of  p-type  InP  substrates  for  GalnAsP/InP  buried-heterostructure  (BH)  lasers  offers 
several  advantages  over  n-type  substrates,  including  low  series  resistance  and  fabrication  simplic¬ 
ity,  and  recently  such  devices  with  very  high  output  powers  have  been  reported.4’5  Here,  we 
report  the  successful  fabrication  of  mass-transported  p-substrate  BH  lasers  (Figure  1-3)  and  one¬ 
dimensional  monolithic  laser  arrays,  with  low  series  resistance,  low  threshold  currents,  high  quan¬ 
tum  efficiencies,  and  good  uniformity  across  the  array. 


Figure  1-3.  Schematic  drawing  of  the  transverse  cross-sectional  view  of  a  mass-transported  p-substrate 
GalnAsPjlnP  buried-heterostructure  laser. 


The  device  fabrication  is  similar  to  that  previously  described,6  including  selective  chemical 
etching  and  mass  transport  on  LPE-grown  double-heterostructure  wafers,  except  for  the  use  of 
p-substrates  and  narrow  (^1  /zm)  transported  regions.  High  yield  of  good  devices  has  been 
obtained  with  CW  threshold  currents  as  low  as  5.5  mA,  differential  quantum  efficiencies  as  high 
as  29  percent  per  facet,  and  with  typical  series  resistance  values  of  4.2  Cl  for  350-^m-long  devices. 
This  series  resistance  is  close  to  the  calculated7  spreading  resistance  in  the  substrate  (p  —  1.5  X 
1018  cm'3),  indicating  that  the  large-area  p-contact  indeed  has  a  very  small  resistance.  The  present 
low  resistance  represents  a  considerable  improvement  over  the  previous  case  of  a  4  X  4  array  of 
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p-substrate  surface-emitting  lasers8  and  is  due  to  an  improved  ohmic  contact  fabrication  proce¬ 
dure.  Room-temperature  CW  output  power  greater  than  30  mW  per  facet  has  been  achieved,  as 
shown  in  Figure  1-4.  It  is  worth  noting  that  this  device  has  a  maximum  quantum  efficiency  of 
48  percent  (both  facets)  at  84  mA  and  a  maximum  power  efficiency  of  36  percent  at  47  mA.  Sim¬ 
ilar  devices  fabricated  with  narrow  contact  pads  have  shown  small-signal  modulation  bandwidths 
as  large  as  16  GHz  (see  Reference  9). 

One-dimensional  arrays  have  been  fabricated  in  the  form  of  long,  cleaved  bars  on  which  la¬ 
sers  with  individual  contact  pads  are  spaced  127  jum  apart.  Initial  results  on  a  bar  of  18  lasers 
show  15  of  them  with  10.5-  to  16.2-mA  threshold  currents  and  differential  quantum  efficiencies  in 
the  range  of  21  to  29  percent  per  facet  (see  Figure  1-5). 

Z.L.  Liau 
J.N.  Walpole 
L.J.  Missaggia 


Figure  1-4.  Light  output  vs  current  characteristic  of  a  mass-transported  p-substrate  GalnAsPj InP  BH 
laser.  The  device  is  mounted  junction  side  down  on  a  copper  heat  sink. 
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Figure  1-5.  Threshold  currents  and  differential  quantum  efficiencies  of  lasers  in  a  monolithic 
one-dimensional  array . 
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2.  QUANTUM  ELECTRONICS 


2.1  TUNING  CHARACTERISTICS  OF  A  ROOM-TEMPERATURE  CW 
TiiAljOj  LASER 

In  our  previous  report,1  we  described  the  CW  operation  of  a  Ti:Al203  laser  at  room  tem¬ 
perature.  A  maximum  output  power  of  1.6  W  was  obtained  at  770  nm,  near  the  peak  of  the 
gain  profile,  when  the  Brewster-cut  laser  rod  was  pumped  with  12  W  of  incident  radiation 
from  a  multi-line  argon-ion  laser.  We  have  now  demonstrated  continuous  tuning  of  this  room- 
temperature  CW  Ti:Al203  laser  from  693  to  948  nm.  Tunable  pulsed  operation  of  a  Ti:Al2C>3 
laser,  using  a  pulsed  dye  laser  as  the  pump  source,  has  been  reported  previously.2  As  shown  in 
Figure  2-1,  the  Ti:Al2C>3  laser  rod  is  placed  at  the  waist  of  an  astigmatically  compensated  three- 
mirror  cavity,  and  the  pump  radiation  is  injected  through  the  folding  mirror.  Tuning  is  accom¬ 
plished  by  a  three-plate  intracavity  Lyot  filter,  and  the  laser  output  is  observed  with  a  0. 1-nm- 
resolution  grating  spectrometer.  In  initial  experiments,  tuning  was  limited  to  the  range  from  715 
to  825  nm  by  the  bandwidth  of  the  concave  coupling  mirror,  which  reaches  its  minimum  trans¬ 
mission  of  0.7  percent  at  765  nm. 


Figure  2-1.  Schematic  of  the  experimental  setup  showing  the  Ar-ion  pump  laser  and  the 
three-mirror  folded  cavity  for  the  I'i.AFOj  laser. 


In  subsequent  studies,  all  three  cavity  mirrors  had  broadband,  highly  reflecting  dielectric 
coatings,  and  the  laser  radiation  was  coupled  out  by  a  near-Brewster  intracavity  plate.  For  this 
configuration,  tuning  was  limited  to  the  range  from  705  to  915  nm  by  branch  jumping  of  the 
Lyot  filter.  Finally,  an  intracavity  prism  was  added  to  prevent  branch  jumping,  extending  laser 
emission  from  693  to  948  nm.  In  this  case  the  tuning  range  was  limited  by  the  bandwidth  of  the 
cavity  mirrors,  not  by  the  bandwidth  of  the  Ti:Al203  crystal.  It  is  therefore  expected  that  the 
tuning  range  would  be  extended  by  using  cavity  optics  with  larger  bandwidth. 


9 


Figure  2-2.  Tuning  characteristics  of  the  Ti:A12Oj  laser,  (a)  Laser  threshold  power  (incident  on  the  rod)  vs 
wavelength,  (b)  Laser  wavelength(s)  for  each  setting  of  the  Lyot  filter,  showing  the  two  filter  transmission 
branches. 

Figure  2-2(a)  shows  the  laser  threshold  as  a  function  of  wavelength  for  the  Final  configura¬ 
tion.  The  spikes  at  long  wavelengths  can  be  attributed  to  the  characteristics  of  the  cavity  mirrors. 
Within  the  laser  tuning  range,  the  Lyot  filter  exhibits  the  two  transmission  branches  shown  in 
Figure  2-2(b),  which  is  a  plot  of  the  laser  wavelength(s)  obtained  for  each  setting  of  the  filter.  In 
the  range  where  the  filter  transmission  is  double  valued,  the  laser  wavelength  was  determined  by 
the  setting  of  the  intracavity  prism. 

A.  Sanchez  A.J.  Strauss 

R.E.  Fahey  R.L.  Aggarwal 


2.2  Er:YAG  LASER  DEVELOPMENT 

The  1.65-/im  Er:YAG  laser  is  being  studied  as  a  potential  energy  storage  medium  for 
1.47-/im  diode  laser  pumping  and  has  been  successfully  operated  with  this  pump  and  output 
wavelength  combination  as  reported  in  the  previous  Solid  State  Research  Report.  Recent  laser 
experiments  using  a  29-cm  confocal  laser  cavity,  77  K  cooled  Er:YAG  laser  crystal,  and  a  tunable 
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Figure  2-3.  CW  output  power  of  I.65-pm  Er:Y AG  laser  as  a  function 
of  input  1.47- pm  laser  pump  power. 

1.47-/Lim  F-center  pump  laser  have  yielded  laser  efficiency  data  as  shown  in  Figure  2-3.  The  inter¬ 
nal  quantum  slope  efficiency  is  20  percent  and  the  laser  threshold  is  approximately  45  mW;  max¬ 
imum  laser  pump  intensities  are  of  the  order  of  50  to  100  W/cm2.  Preliminary’  modeling  of  the 
operation  of  a  Er:YAG  laser  has  been  made,  including  the  effects  of  absorption,  excited  state  life¬ 
times,  and  parasitic  upconversion  as  a  function  of  temperature  and  pump  intensity.  The  predic¬ 
tions  appear  to  be  in  reasonable  agreement  with  the  experimental  data  for  77  K  operation,  but 
indicate  that  parasitic  upconversion  may  be  a  limiting  factor  for  laser  operation  at  higher  tem¬ 
peratures.  Further  experiments  are  being  conducted  to  better  characterize  laser  performance  at 
these  higher  temperatures. 

D.K.  Killinger 

2.3  STUDIES  OF  THE  USE  OF  LiNb03  IN  A  LYOT  FILTER  SYSTEM 

Current  experiments  on  fast  tuning  for  the  frequency-agile  laser  are  based  on  crystals  utiliz¬ 
ing  the  transverse,  rather  than  longitudinal,  electro-optic  effect.  The  device  geometry  is  shown  in 
Figure  2-4.  This  represents  one  stage  of  the  Lyot  filter;  the  final  device  is  expected  to  require 
three  stages.  We  are  presently  investigating  the  crystal  LiNb03  which  has  the  advantage,  com¬ 
pared  with  KD*P,  of  being  non-hygroscopic  and  generally  easier  to  handle  and  process  and, 
because  a  cell  is  not  needed  to  protect  the  crystal  from  ambient  air,  involves  fewer  optical  inter¬ 
faces.  For  a  wave  traveling  along  the  natural  optic  axis  as  shown  in  Figure  2-4,  the  electro-optic 
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Figure  2-4.  Lyot  filter  geometry  utilizing  the  transverse  electro-optic  effect. 


effect  induces  a  birefringence  between  the  two  components  of  the  optical  field  at  ±45°  to  the  pre¬ 
ferred  polarizer  transmission.  With  the  geometry  of  the  figure,  the  relative  retardation  between 
two  waves  polarized  along  X',Y'  is 


2nrX  VL 
X  (  d  } 


(2-1) 


for  one  pass  through  the  crystal.  The  geometrical  factor  L/d,  typical  of  transverse-effect  electro¬ 
optic  devices,  permits  sizable  retardations  with  reasonable  applied  voltages.  The  crystals  used 
have  L  =  25  mm,  d  =  1  mm;  Figure  2-5  shows  the  electro-optic  transmission  characteristic  at 
633  nm  using  sheet  polarizers. 

Several  crystals  have  been  procured  and  end-polished  according  to  the  geometry  of  Fig¬ 
ure  2-4,  and  one  set  of  three  crystals  has  also  been  antireflection  coated  for  less  than  0.2-percent 
reflectivity  at  633  nm.  These  crystals  will  be  used  for  intracavity  tuning  experiments  with  a  dye 
laser  using,  for  example,  DCM  as  the  active  dye.  Initial  attempts  at  inserting  one  LiNb03  device 
into  a  Ti:Al203  laser  cavity  have  not  yet  succeeded,  as  the  reflection  loss  at  the  operating  wave¬ 
length  (4-percent  surface,  X  =  775  nm)  does  not  permit  lasing.  Antireflection  coatings  centered  in 
the  Ti:Al203  tuning  range  are  being  procured. 

One  crucial  issue  for  devices  using  LiNb03  is  that  of  optical  damage  (photorefractive  effect) 
induced  by  the  laser  beam.  Experiments  have  been  performed,  using  a  dye  laser  as  a  tunable 
polarization-modulated  source,  to  assess  the  importance  of  bulk  photorefractive  effects  in  LiNb03 
at  the  wavelengths  of  interest.  In  the  yellow-green  range  (rhodamine  6G  dye),  optical  damage 
precludes  the  intracavity  use  of  LiNb03  devices,  as  the  transmitted  beam  is  distorted  by  light- 
induced  refractive  index  changes.  On  the  other  hand,  for  extreme  red  or  near-IR  wavelengths  the 
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VOLTAGE  (V) 

Figure  2-5.  Transmission  at  633  nm  vs  applied  voltage  on  the  LiNhOj  crystal 
using  the  configuration  shown  in  Figure  2-4. 

optical  damage  seems  to  be  limited  to  an  additional,  light-induced  birefringence,  which  would 
imply  a  wavelength  shift  for  a  Lyot-type  device.  This  could  be  corrected  in  the  final  design, 
where  the  operating  wavelength  is  determined  by  comparison  with  a  (tunable)  reference  cavity 
and  electro-optic  feedback.  Considerable  further  study  is  required  of  this  issue. 

V.  Daneu 

2.4  SPECTROSCOPIC  OBSERVATION  OF  COUPLED  STATES  IN 

AN  AIGaAs/GaAs  COUPLED  DOUBLE  QUANTUM  WELL  SYSTEM 

The  interest  in  semiconductor  heterostructures  is  to  a  large  part  aimed  at  a  new  class  of 
devices  that  exploits  the  quantum  nature  of  carriers  in  microscopic  environments.  In  a  realistic 
physical  system,  carriers  occupying  such  states  exhibit  quantum  behavior  only  when  the  inhomo¬ 
geneous  potential  of  an  imperfect  crystal  does  not  perturb  these  states  sufficiently  to  cause  exten¬ 
sive  mixing.  Certain  device  applications,  such  as  opto-electronic  modulators,  require  wave  func¬ 
tions  with  large  spatial  extent  for  maximal  modulation  effects.  However,  if  carriers  in  such  a 
structure  suffer  sufficiently  strong  scattering,  the  performance  as  a  modulator  will  be  degraded.  In 
comparison  with  the  single  quantum  well  (SQW),  the  coupled  double  quantum  well  (CDQW) 
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Figure  2-6.  Energy  levels  of  the  lowest  confined  coupled  states  in  the  conduction  and  valence  bands  of  a 
symmetric  CDQW  structure.  For  each  pair  of  curves  the  higher  energy  level  corresponds  to  the  antisymmetric 
state,  and  the  lower  to  the  symmetric  state.  The  labels  e,  hh,  and  hi  indicate  electron,  heavy  hole,  and  light 
hole,  respectively.  The  insets  show  a  physical  section  of  the  sample  and  the  calculated  wavefunctions  for  the 
lowest  electron  states  in  such  structure.  The  energy  levels  of  the  valence  band  are  inverted. 
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offers  confined  states  with  much  more  extended  wave  functions.  In  a  CDQW  structure,  two 
SQWs  are  placed  sufficiently  close  to  each  other  that  the  quantized  states  are  coherent  in  both 
wells  and  form  coupled  states.  However,  for  a  CDQW  to  be  useful,  the  coupled  states  must  be 
free  of  scattering  that  prevents  quantum  adiabatic  transitions  under  rapid  modulation  of  an 
external  field.  Such  states  also  must  be  spectroscopically  well  defined. 

We  report  the  growth  and  observation  of  an  AlGaAs/GaAs  CDQW  structure  that  exhibits 
clear  evidence  of  coupled  quantum  states.  The  CDQW  structure  is  about  34  nm  in  width.  Exper¬ 
imental  measurements  indicate  the  high  quality  of  the  samples  and  raise  the  realistic  possibility  of 
devices  based  on  the  CDQW. 

The  sample  depicted  in  the  inset  of  Figure  2-6  is  grown  by  MBE  and  is  studied  using  lumi¬ 
nescence  and  excitation  spectroscopy.  The  wave  functions  in  each  of  the  QWs  are  coupled  to 
form  new  states  whose  spatial  extent  overlaps  both  wells.  For  a  symmetric  CDQW,  the  inversion 
symmetry  causes  one-dimensional  symmetric  and  antisymmetric  states  indicated  by  S  and  A, 
respectively.  The  wavefunctions  of  the  two  states  for  the  CDQW  model  described  are  shown  in 
the  second  inset  of  Figure  2-6.  With  the  use  of  the  effective  mass  approximation,  the  energy  lev¬ 
els  of  the  lowest  coupled  states  for  conduction  band  and  valence  bands  are  calculated  and  plot¬ 
ted.  The  levels  are  shown  relative  to  the  bottom  of  the  respective  bands.  The  individual  well 
widths  are  kept  constant  and  only  the  thickness  of  the  center  barrier  is  varied.  In  the  conduction 
band  the  levels  are  denoted  by  e,  while  in  the  valence  band  the  levels  hh  and  hi  refer  to  the 
heavy  and  the  light  holes,  respectively.  The  heavy-  and  light-hole  coupling  is  neglected  in  the 
calculation. 

The  spectroscopic  results  at  a  temperature  of  2  K  are  shown  in  Figure  2-7;  (a)  and  (b)  are 
luminescence  spectra  on  log  and  linear  scales,  respectively.  The  peak  labeled  (ep,  hhj')  is  the  well- 
known  feature  resulting  from  the  radiative  decay  of  the  heavy-hole  exciton  that  is  formed  using 
an  electron  in  the  lowest  conduction  band  state  and  a  heavy  hole  in  the  lowest  valence  band 
state.  In  the  SQW  structure,  the  next  excited  state  is  the  light-hole  exciton  (ej,  hlj).  For  compari¬ 
son,  the  inset  of  Figure  2-7  shows  two  excitation  spectra  of  a  multi-SQW  sample.  Curve  (c') 
shows  the  (ej,  hh j )  exciton  IS  state  and  its  continuum;  curve  (d')  shows  the  (e j ,  hi j)  exciton  IS 
state.  The  CDQW  excitation  spectra  (c)  and  (d)  in  Figure  2-7  are  distinctly  different  and  exhibit 
a  much  richer  structure.  Various  peaks  are  labeled  according  to  the  level  scheme  given  in  Fig¬ 
ure  2-6.  Curve  (c)  is  an  excitation  spectrum  obtained  with  luminescence  monitored  at 

1528.5  meV,  a  feature  associated  with  impurity  states.  Curve  (d)  was  obtained  with  light  moni¬ 
tored  at  1530.5  meV,  the  center  of  the  heavy-hole  exciton  (ej\  hh^)  line.  The  similarity  between 
(c)  and  (d)  confirms  the  homogeneity  in  the  origin  of  these  resonances.  It  should  be  noted  that  if 
the  two  SQWs  were  not  coupled,  such  results  would  not  be  obtained.  If  the  two  lowest  energy 
features  at  1530.5  and  1534.1  meV  arose  from  the  heavy-hole  excitons  in  two  uncoupled  wells 
whose  widths  differed,  the  excitation  spectrum  based  on  the  luminescence  of  the  line  at 

1530.5  meV  would  not  show  any  strong  resonance  at  1534.1  meV,  since  the  absorption  of  excita¬ 
tion  radiation  at  this  transition  would  occur  in  the  SQWs  that  are  completely  separate  from  the 
one  being  monitored.  The  fact  that  the  same  features  appear  in  different  excitation  spectra  indi¬ 
cates  that  they  arise  from  the  same  system.  On  the  other  hand,  even  if  the  two  SQWs  were 
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Figure  2-7.  Luminescence  and  excitation  spectra  of  a  symmetric  CDQW  at  2  K.  (a)  and  (b)  are  luminescence 
spectra  at  low  excitation  intensity  (<1  W/cm2)  on  log  and  linear  scales,  respectively,  (c)  and  (d)  are  excitation 
spectra,  with  luminescence  monitored  at  1528.5  and  1530.5  meV,  respectively,  while  excitation  photon  energy  is 
varied.  Various  structures  are  labeled  according  to  the  scheme  given  in  Figure  2-6.  The  inset  shows  excitation 
spectra  of  multiple  SQWs.  Only  two  bound  state  peaks,  corresponding  to  the  heavy -  and  light-hole  excitons, 
are  observed. 
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coupled  but  carriers  suffered  strong  scattering  by  a  random  potential  in  the  center  barrier,  i.e., 
the  coherence  of  the  wave  functions  did  not  extend  over  both  wells,  the  result  would  be  a  con¬ 
tinuum  in  energy,  namely,  a  band  between  the  (ej\  hh^)  and  (e^,  hhj')  lines.  Thus,  the  clear 
resolution  of  these  two  sharp  lines  indicates  the  quality  of  the  sample  for  observing  coupled  QW 
effects. 

This  work  is  in  an  exploratory  stage.  Studies  of  carrier  transport  properties  and  time- 
resolved  measurements  of  relaxation  between  coupled  states  are  in  progress.  More  complex  struc¬ 
tures,  such  as  asymmetric  coupled  QWs  for  fast  opto-electronic  applications  and  three-coupled- 
well  systems  for  memory  applications,  are  currently  planned. 

H.Q.  Le 
J.J.  Zayhowski 
W.D.  Goodhue 

2.5  TIME-RESOLVED  STUDIES  OF  PHOTOCURRENT  IN  A  PERMEABLE 
BASE  TRANSISTOR 

We  have  explored  the  potential  of  the  permeable  base  transistor  (PBT)  as  a  fast  opto¬ 
electronic  device  by  measuring  the  speed  of  PBT  response  to  current  induced  by  picosecond  laser 
pulses.  The  pulses  were  used  to  illuminate  and  generate  carriers  in  the  active  region  of  a  PBT,  as 
shown  in  Figure  2-8.  A  pump  and  probe  technique  was  employed  with  an  optical  energy  per 
pulse  of  SB!20  pJ.  The  PBT  collector  current  was  monitored,  and  the  correlation  between  pump 
and  probe  photocurrents  was  measured  as  a  function  of  their  relative  time  delay. 

The  results  indicate  that  in  the  present  configuration  there  are  two  components  of  photocur¬ 
rent  in  the  PBT.  One  fast  component  is  due  to  the  photoconductive  response  of  the  semi- 
insulating  proton-bombarded  GaAs  overgrown  between  the  base  and  the  collector.  This  current 
(Ipc),  which  occurs  outside  the  active  region,  is  essentially  parasitic  and  saturable.  The  other 
component,  occurring  within  the  active  region,  induces  a  gain  in  the  collector-emitter  current. 

The  opposite  behaviors  of  these  two  components  are  shown  in  the  correlation  measurement  given 
in  Figure  2-9.  When  the  PBT  was  biased  in  an  off-state,  the  negative  Ipc  correlation  dominated. 
There  also  appeared  to  be  a  slower  component,  which  was  also  due  to  a  saturable  base-collector 
photoconductive  current,  but  occurring  in  the  active  region.  When  the  PBT  was  turned  on  with 
low  gain,  a  small  gain  current  Ig  appeared  with  a  positive  correlation  sign  and  the  parasitic  com¬ 
ponent  Ipc  became  most  pronounced.  Under  increasing  gain  conditions,  the  growth  of  Ig  correla¬ 
tion  relative  to  that  of  Ipc  became  more  and  more  evident.  While  the  presence  of  Ipc  is  not  desir¬ 
able,  its  observation  in  this  case  serves  a  useful  purpose.  With  two  components  of  opposite  signs, 
the  evidence  of  gain  in  PBT  photocurrent,  as  opposed  to  the  well-known  saturation  behavior  of 
photoconductive  switches,  is  clearly  established.  To  interpret  the  correlation  results,  we  assume 
Ipc  to  be  proportional  to  the  optically  generated  carrier  density  n  and  the  collector-base  volt¬ 
age  V.  Then  the  correlation  signal  is 

IpcW  «  S  "W  ^  “  r>  +  +  dt  (2-2) 
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Figure  2-8.  (a)  Schematic  of  experimental  setup,  (b)  PBT  cross  section;  the  light  penetrates  PBT  through  the 

window  between  the  base  and  the  collector. 

where  r  is  the  time  delay  between  pump  and  probe  excitations.  Assuming  the  temporal  behavior 
of  V(t)  follows  that  of  n(t)  (see  Reference  3)  and  can  be  roughly  approximated  as  an  exponential 
decay,  then,  from  the  observed  FWHM  of  <Ipc(r)>  ^  20  ps,  we  can  infer  the  temporal  response 
of  V(t)  to  be  —10  ps.  This  time  scale  is  consistent  with  the  typical  photoconductive  temporal 
response  of  radiation-damaged  semiconductors.3 

For  the  gain  current,  a  phenomenological  model  leads  to  the  correlation  signal 

dG 

<I„(r)>  oc  —  f  IceW  +  r)  +  'beO  -  T)]  dt  (2*3) 

*  dlBE  J 

where  ICE  and  iBE  are  the  collector-emitter  and  base-emitter  currents,  respectively.  The  former  is 
the  amplified  signal  of  the  latter.  dG/diBE  is  the  derivative  of  the  gain  vs  iBE;  if  the  PBT  is 
biased  such  that  dG/diBE>0,  a  positive  signal  results.  If  we  assume  that  Ice(0  *s  very  ^ast  and 
closely  follows  the  exponential  decay  of  iBB(tX  a  temporal  response  ~  50  ps  is  obtained  from  the 


18 


75607-13 


SELF-CORRELATION  SIGNAL  (arbitrary  units) 


50  ps 


* 

f 

o 

<0 

uo 


I_ I  1  I_ I_ L 

DELAY  TIME 


VCE  =  ° 

V0E  =  0.25  V 


Vbe-075V 


Vce=1  V 
vBE  =  -i  V 


=  2  V 
=  -1  V 


VBE  “_09V 


Vbe  =  -0  8V 


Vbe  =  -0  7V 


PBT  OFF 


PBT  ON 
LOW  GA/N 


PBT  ON 
HIGH  GAIN 


Z 

< 

0 

0 

z 

< 

LU 

IX 

a 

z 


Figure  2-9. 


Correlation  signals  of  pump  and  probe  photoc  urrents  as  detected  at 


the  collector . 
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measured  signals.  This  value  is  quite  consistent  with  the  observed  photoconductive  response  of 
the  typical  high-quality  n-type  GaAs  (see  Reference  4)  that  makes  up  the  PBT  active  region.  It 
appears  that  this  intrinsic  response  time  limits  the  testing  of  PBT  speed.  Along  with  these  two 
components  of  photocurrent,  a  small,  much  slower  component  with  a  nanosecond  time  scale  also 
was  observed.  We  believe  this  is  due  to  the  long-lived  minority  carriers  from  photoionization  of 
deep  traps  and  defects  in  the  tungsten-GaAs  interface. 

While  the  PBT  was  not  tested  to  its  limit  in  speed,  this  study  establishes  that  PBT  can 
amplify  signals  which  rise  and  fall  in  a  time  interval  at  least  as  fast  as  50  ps.  Also,  compared 
with  most  photodiodes,  the  relatively  high  sensitivity  of  the  PBT  due  to  the  gain  process  prom¬ 
ises  that  the  device  could  be  a  useful  detector. 


H.Q.  Le 
C.O.  Bozler 
R.H.  Mathews 
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3.  MATERIALS  RESEARCH 


3.1  FLOW  VISUALIZATION  STUDIES  FOR  OMVPE  REACTOR  DESIGN 

Reproducible  growth  of  laterally  uniform  epilayers  that  have  abrupt  interfaces  and  can  be 
made  thin  enough  for  quantum  well  and  superlattice  structures  is  necessary  for  many  electronic 
and  optoelectronic  applications.  Deposition  of  epilayers  by  organometallic  vapor  phase  epitaxy 
(OMVPE)  is  usually  limited  by  mass  transport  of  reactants  to  the  substrate.  Consequently,  epi- 
layer  quality  is  determined  largely  by  gas  dynamics  in  the  reactor.  For  epilayer  uniformity,  the 
thickness  of  the  boundary  layer  at  the  substrate  should  be  uniform,  so  that  deposition  occurs  at 
the  same  rate  for  all  points  on  the  substrate.  For  interface  abruptness,  the  flow  field  in  the  reac¬ 
tor  should  be  free  of  any  laminar  vortices  in  order  to  minimize  gas  residence  times.  In  this  inves¬ 
tigation  gas  flow  visualization  achieved  by  light  scattering  from  TiC>2  particles  has  been  utilized 
to  obtain  data  for  optimizing  the  design  and  operation  of  OMVPE  reactors  in  order  to  meet 
these  two  criteria.  The  test  results  suggest  that  the  preferred  approach  is  to  combine  gas  injection 
through  a  porous  plug  with  low-pressure  operation. 

The  experimental  apparatus  is  shown  schematically  in  Figure  3-1.  The  vertical  quartz  tube, 
10-cm  i.d.,  incorporates  a  6.7-cm-diam.  RF-heated  rotating  graphite  susceptor  disk.  The  dis¬ 
tance  between  the  disk  and  the  gas  inlet  is  15  cm.  Three  means  have  been  used  for  gas  injection: 
(a)  a  vertical  6-mm  pipe  inlet  coaxial  with  the  tube,  (b)  four  equally  spaced  inlets  tangential  to 
the  tube,  and  (c)  a  radial  inlet  above  a  porous  plug,  7.6  cm  in  diameter,  formed  by  metal 
screens. 

Gas  flow  patterns  are  made  visible  by  illuminating  Ti(>2  particles  that  are  generated  by  the 
reaction  of  TiCl4  and  H20  and  then  transported  through  the  reactor  in  a  stream  of  He  carrier 
gas.  Vertical  and  horizontal  cross  sections  through  the  tube  are  illuminated  with  a  sheet  of  light 
formed  by  directing  the  beam  of  a  5-mW  He-Ne  laser  through  a  cylindrical  lens.  The  intensity  of 
scattered  light  is  proportional  to  the  local  concentration  of  TiC>2  particles. 

The  effect  of  the  method  of  gas  injection  on  the  flow  field  was  studied  for  isothermal  gas 
flow,  with  and  without  disk  rotation.  For  injection  through  the  porous  plug,  changes  in  flow  pat¬ 
terns  that  resulted  from  heating  the  disk  to  600°  C,  or  from  switching  from  one  injected  gas  to 
another,  were  studied  at  atmospheric  pressure  and  at  reduced  pressure. 

The  most  common  method  of  gas  injection  in  OMVPE  reactors  utilizes  a  coaxial  inlet  pipe. 
Figure  3-2  shows  a  cross-sectional  photograph  of  the  gas  flow  pattern  at  room  temperature 
obtained  when  this  method  was  used  with  a  He  flow  of  2  1pm  and  a  tube  pressure  of  1  atm.  An 
inertial  jet  extends  from  the  inlet  to  the  disk,  showing  that  the  flow  is  not  fully  developed.  The 
gas  flows  outward  radially  across  the  disk  and  strikes  the  side  of  the  tube  to  produce  vortices 
between  the  top  of  the  tube  and  the  disk.  These  vortices  persist  when  the  smoke  is  turned  off 
and  result  in  gas  residence  times  of  many  minutes.  A  high  degree  of  radial  nonuniformity  and 
grading  between  epilayers  would  be  expected  from  this  type  of  flow. 
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Figure  3-1.  Schematic  diagram  of  apparatus  for  gas  flow  visualization. 

Injection  through  tangential  inlets  was  employed  to  introduce  swirl  to  the  gas,  increasing  its 
path  length  and  dissipating  the  momentum  of  the  inlet  stream.  A  steady-state  pattern  recorded  at 
room  temperature  and  1  atm  for  a  flow  rate  of  10  1pm  is  shown  in  Figure  3-3.  Although  the 
flow  is  fully  developed  at  the  disk  surface,  variations  in  smoke  concentration  in  the  vicinity  of 
the  disk  indicate  that  the  gas  is  not  well  mixed.  The  flow  can  be  made  laminar  at  the  disk  sur¬ 
face  by  rotating  the  disk  at  80  rpm  (Figure  3-4),  but  the  formation  of  a  vortex  at  the  top  of  the 
tube  results  in  long  gas  residence  times. 

Gas  injection  through  a  radial  inlet  above  a  porous  plug  resulted  in  uniform  flow  over  a 
large  cross  section  of  the  tube  (as  shown  in  Figure  3-5,  which  was  obtained  at  room  temperature 
and  1  atm  for  a  flow  rate  of  10  1pm).  Gas  enters  with  a  diameter  equal  to  that  of  the  plug  and 
velocity  nearly  independent  of  diameter.  The  uniform  density  of  smoke  particles  indicates  that  the 
gas  is  uniformly  mixed.  The  time  elapsed  before  laminar  flow  reached  the  disk  was  approxi¬ 
mately  4  to  5  s,  while  5  to  6  s  were  required  for  clearing  the  tube  after  the  smoke  was  turned 
off.  These  times  are  comparable  to  the  transit  time  calculated  from  the  average  velocity  of  the 
gas  in  the  tube. 
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Figure  3-2 .  Flow  pattern  obtained  for  gas 
injection  through  a  coaxial  vertical  pipe. 


Figure  3-3.  Flow  pattern  for  gas  injection 
through  tangential  inlets. 
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Figure  3-4  Flow  pattern  for  gas  injection 
through  tangential  inlets  with  disk  rotation 
of  80  rpm. 


Figure  3-5.  Flow  pattern  for  gas  injection 
through  a  porous  plug.  The  vertical  streaks 
are  reflections  from  the  tube . 
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The  effect  of  heating  the  susceptor  disk  was  studied  for  gas  injection  at  10  1pm  through  the 
porous  plug.  A  steady-state  pattern  observed  at  1  atm  for  a  disk  temperature  of  600° C  is  shown 
in  Figure  3-6.  Because  of  thermal  convection,  the  flow  is  very  complicated.  All  evidence  of  ther¬ 
mal  convection  disappeared  when  the  pressure  was  lowered  below  0.3  atm,  and  laminar  flows  like 
those  observed  at  room  temperature  were  sustained. 


Figure  3-6.  Flow  pattern  for  gas  injection  through 
porous  plug  for  disk  temperature  of  600°  C. 


In  other  experiments  using  injection  through  the  porous  plug  but  with  the  susceptor  disk  at 
room  temperature,  we  investigated  the  effect  of  switching  from  one  injected  gas  to  another  of  dif¬ 
ferent  density.  At  atmospheric  pressure  such  switching  can  produce  transient  flow  patterns,  sim¬ 
ilar  in  complexity  to  those  obtained  by  thermal  convection,  that  persist  for  many  seconds  before 
uniform  flow  is  restored.  In  a  typical  experiment,  a  stream  of  He  gas  containing  TiC>2  particles 
was  injected  into  the  reactor  tube  at  a  constant  rate  of  10  1pm.  An  additional  60-ccpm  He  stream 
was  injected  into  the  reactor  through  the  switching  manifold  (see  Figure  3-1),  which  has  very  low 
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deadspace,  and  a  60-ccpm  flow  of  N2  was  simultaneously  directed  through  the  manifold  to  a  vent 
line  (not  shown  in  Figure  3-1).  After  the  flow  became  uniform,  as  shown  by  the  observation  of  a 
pattern  similar  to  that  in  Figure  3-5,  the  two  60-ccm  flows  were  interchanged,  with  the  He 
directed  to  the  vent  and  the  N2  injected  into  the  reactor  tube.  After  a  few  seconds  (the  transit 
time  between  the  manifold  and  the  reactor),  a  pattern  comparable  to  that  in  Figure  3-6  was  de¬ 
veloped.  The  pattern  varied  with  time,  again  becoming  uniform  after  about  30  s. 

Instabilities  of  the  type  described  result  from  convection  that  takes  place  during  the  period 
following  switching  when  the  composition  of  the  gas  in  the  tube  has  not  yet  become  uniform,  if 
the  gas  density  increases  with  increasing  distance  from  the  bottom  of  the  tube.  We  estimate  that 
such  instabilities  will  occur  in  our  test  system  when  switching  produces  an  increase  of  about 
5  percent  or  more  in  the  density  of  the  gas  mixture  injected  into  the  reactor.  In  the  growth  of 
III-V  epilayers,  the  density  changes  resulting  from  the  switching  of  Group  III  organometallic  com¬ 
pounds  are  generally  less  than  5  percent.  However,  significantly  larger  changes  can  result  from 
switching  the  Group  V  hydrides.  For  example,  to  grow  In^yGao  53AS  on  InP  under  typical 
growth  conditions,  the  required  switch  from  PH3  to  AsH3  would  increase  the  injected  gas  density 
by  about  15  percent.  In  a  reactor  of  the  design  used  in  our  tests,  a  change  of  this  magnitude 
might  be  expected  to  produce  instabilities  that  would  result  in  the  formation  of  a  graded  inter¬ 
face.  It  should  be  possible  to  minimize  such  instabilities,  as  well  as  those  due  to  thermal  convec¬ 
tion,  by  operation  at  reduced  pressure. 

C.A.  Wang 
S.C.  Palmateer 
S.H.  Groves 

3.2  MONOLITHIC  GaAs/AlGaAs  DIODE-LASER/DEFLECTOR  DEVICES 

Considerable  effort  is  currently  being  directed  toward  the  development  of  semiconductor 
diode  laser  arrays.  Although  most  of  this  effort  is  devoted  to  linear  arrays  of  edge-emitting 
GaAs/AlGaAs  lasers,  two-dimensional  arrays  will  be  needed  to  meet  the  power  and  area  require¬ 
ments  for  such  applications  as  the  pumping  of  large  solid-state  lasers.  Composite  two-dimensional 
arrays  could  be  fabricated  by  stacking  and  joining  separate  linear  arrays  of  edge-emitting  diode 
lasers.  An  attractive  alternative  is  to  form  monolithic  arrays  of  devices  that  emit  laser  radiation 
normal  to  the  wafer  surface.  Several  types  of  surface-emitting  GaAs/AlGaAs  and  GalnAsP/InP 
diode  lasers  have  been  reported,  but  their  efficiencies  are  too  low  to  be  of  practical  interest. 

A  more  promising  approach  to  the  fabrication  of  monolithic  two-dimensional  arrays  is  to 
use  devices  formed  by  coupling  edge-emitting  diode  lasers  with  external  mirrors  that  deflect  the 
radiation  from  one  or  both  of  the  laser  facets  by  90°.  Liau  and  Walpole1  have  recently  demon¬ 
strated  monolithic  diode-laser/deflector  (MLD)  devices  that  combine  a  GalnAsP/InP  laser  with  a 
parabolic  45°  deflector  adjacent  to  one  facet.  The  deflector  and  both  facets  are  formed  by  a  mass 
transport  process.2  Unfortunately,  such  a  mass  transport  process  is  not  known  for  AlGaAs.  We 
report  here  the  use  of  an  ion-beam-assisted-etching  (IBAE)  technique3  to  fabricate  GaAs/AlGaAs 
MLD  devices  with  a  planar  45°  deflector  adjacent  to  one  of  the  laser  facets. 
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The  MLD  devices  were  fabricated  on  a  wafer  with  an  AlGaAs/GaAs/ AlGaAs  double  het¬ 
erostructure  prepared  by  using  organometallic  chemical  vapor  deposition4  on  a  (100)  Si-doped 
GaAs  substrate.  The  fabrication  procedure  is  shown  schematically  in  Figure  3-7.  The  IBAE  tech¬ 
nique  was  used  to  etch  grooves  2  ^um  wide,  on  400-^tm  centers,  parallel  to  a  (110)  cleavage  plane. 
Pyrolytically  deposited  phosphosilicate  glass  (PSG)  served  as  an  etch  mask  during  this  procedure. 
The  PSG  was  then  removed  with  buffered  HF,  and  another  layer  of  PSG  was  deposited  to  cover 
the  top  surface  of  the  wafer  as  well  as  the  bottom  and  vertical  sidewalls  of  the  grooves  [Fig¬ 
ure  3-7(a)].  Windows  2.5  jum  wide  were  opened  in  the  PSG  immediately  adjacent  to  the  grooves 
[Figure  3-7(b)].  The  deflectors  [Figure  3-7(c)]  were  formed  by  IBAE  carried  out  with  the  wafer 
mounted  at  an  angle  of  45°  with  respect  to  the  incident  ion  beam.  Next,  4-^im-wide  stripe  con¬ 
tact  windows  on  250-jum  centers,  oriented  normal  to  the  grooves,  were  opened  in  the  PSG  over 
the  full  length  of  the  wafer.  The  wafer  was  thinned  to  ^75  jum,  and  AuSn  was  deposited  on  the 
substrate  side  to  provide  the  n  contact.  A  film  of  CrAu  was  deposited  by  angle  evaporation  on 
the  top  side  to  coat  the  deflectors  and  provide  the  p  contacts  through  the  4-jzm  stripe  windows 
[Figure  3-7(d)].  The  wafer  was  cleaved  into  bars,  each  containing  a  single  row  of  diode  lasers 
with  one  cleaved  facet  and  one  etched  facet,  together  with  a  45°  deflector  adjacent  to  the  etched 
facet  [Figure3-7(d)].  The  bars  were  diced  into  samples  containing  from  one  to  Five  MLD  devices. 

Samples  with  laser  cavity  lengths  from  125  to  390  fxm  were  evaluated  during  pulsed  (60-ns, 
4-kHz)  operation  at  low  output  power.  Figure  3-8  shows  the  light  vs  current  curves  for  the  opti¬ 
cal  output  emitted  from  (a)  one  of  the  two  cleaved  facets  of  a  reference  laser  from  the  same 
wafer  used  for  MLD  devices,  (b)  the  cleaved  facet  of  an  MLD  device,  and  (c)  the  45°  deflector 
of  the  same  device.  In  comparison  to  state-of-the-art  GaAs/ AlGaAs  diode  lasers,  the  reference 
laser  has  a  higher  threshold  current  and  lower  efficiency  because  the  material  quality  is  lower  and 
the  simplest  type  of  double  heterostructure  was  used  in  these  initial  experiments.  The  threshold 
current  is  higher  for  the  MLD  laser  than  for  the  reference  laser  because  the  etched  facet  is  infe¬ 
rior  to  the  cleaved  facets. 

The  near-Field  emission  normal  to  the  surface  of  samples  with  multiple  MLD  devices  was  observed 
with  a  densitometric  infrared  camera.  Figure  3-9  shows  the  intensity  profile  for  a  sample  contain¬ 
ing  five  devices  with  a  laser  cavity  length  of  125  jzm.  At  this  current  level,  all  the  devices  were 
operating  at  about  twice  threshold  with  very  similar  output  intensities. 

In  order  to  obtain  MLD  devices  suitable  for  two-dimensional  arrays,  several  design  modifica¬ 
tions  will  be  needed.  The  lasers  must  obviously  have  two  etched  facets.  Preferably,  each  facet 
should  have  an  adjacent  deflector;  to  focus  the  radiation  emitted  normal  to  the  surface,  the  deflec¬ 
tors  should  be  parabolic  rather  than  planar.  In  addition,  significant  changes  will  be  required  in 
the  processing  procedures.  The  principal  reason  for  the  reduction  in  performance  of  the  MLD 
devices  compared  with  the  reference  lasers  is  the  surface  roughness  of  the  etched  facets  and  deflec¬ 
tors,  which  exhibit  vertical  striations  produced  mainly  because  the  PSG  etch  masks  did  not  have 
smooth  edges.  It  should  be  possible  to  obtain  much  smoother  surfaces  by  improving  the  masks 
and  optimizing  the  IBAE  process  parameters.  We  believe  that  it  will  be  feasible  to  obtain  MLD 
devices  comparable  in  performance  to  state-of-the-art  edge-emitting  GaAs/ AlGaAs  lasers.  There 
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Figure  3-7.  Procedure  for  fabricating  monolithic  GaAs/  AIGaAs  diode-laser  I  deflector 
(MLD)  devices. 
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Figure  3-8.  Light  output  vj  pulsed  drive  current  for  (a)  reference  laser  with  two  cleaved 
facets,  (b)  cleaved  facet  of  MLD  device,  (c)  deflector  of  the  same  MLD  device. 
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Figure  3-9.  Intensity  of  near  field  emission  normal  to  the  surface  of  a  sample  containing 
five  MLD  devices. 


should  be  no  difficulty  in  fabricating  such  MLD  devices  with  sufficient  packing  density  to  obtain 
high-power-density  monolithic  two-dimensional  arrays. 

T.H.  Windhorn 
W.D.  Goodhue 

3.3  MONOLITHIC  INTEGRATION  OF  GaAs/AlGaAs  LEDs  AND  Si  MOSFETs 

Monolithic  GaAs/Si  (MGS)  integration  is  attractive  because  Si  VLSI  circuits  can  be  com¬ 
plemented  by  GaAs/  AlGaAs  optoelectronic  components  and  high-speed  electronic  circuits.  We 
recently  demonstrated  the  fabrication,  on  the  same  MGS  wafer,  of  GaAs  MESFETs  and  Si 
MOSFETs  with  characteristics  comparable  to  those  of  devices  fabricated  on  separate  GaAs  and 
Si  wafers. ^  We  report  here  the  monolithic  integration  of  GaAs/ AlGaAs  double-heterostructure 
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LEDs  and  Si  MOSFETs  on  an  MGS  wafer  prepared  by  using  molecular  beam  epitaxy  to  grow 
GaAs/AlGaAs  layers  on  a  Si  substrate. 

Figure  3-10  is  a  schematic  diagram  of  the  device  structure  in  cross  section.  Each  LED  is  sur¬ 
rounded  by  a  ring-type  MOSFET.  The  cathode  of  the  LED  is  in  contact  through  the  Si  substrate 
with  the  drain  of  the  MOSFET,  so  that  the  two  devices  are  connected  in  series.  This  is  the  First 
time  that  GaAs  and  Si  devices  have  been  interconnected  monolithically.  An  LED  modulation 
rate  of  10  MHz  has  been  achieved  by  applying  a  stream  of  voltage  pulses  to  the  MOSFET  gate. 

The  sequence  of  processing  steps  is  as  follows.  A  layer  of  thermal  oxide  is  grown  on  a  1-  to 
3-fl-cm  p  Si  wafer  oriented  3°  off  (100)  toward  (111).  The  Si02  is  etched  to  form  openings  of 
200  X  400  yum  where  LEDs  are  to  be  fabricated.  A  high  dose  of  arsenic  ions  is  implanted  to 
form  n+  islands  by  converting  the  surface  of  the  Si  within  the  openings.  Around  each  n+  island,  a 
standard  poly-Si  gate  process  is  used  to  fabricate  a  Si  MOSFET,  except  for  contact  openings 
and  final  metallization.  The  MOSFET  drain  is  in  contact  with  the  n+  island.  Chemical  vapor 
deposition  is  used  to  cover  the  entire  wafer  with  successive  layers  of  Si02  and  SijN4  to  protect 
the  MOSFET  structures  during  GaAs  epitaxy  and  subsequent  LED  processing. 

Openings  are  etched  in  the  SijN^SiO;)  to  expose  the  n+  Si  islands.  Molecular  beam  epitaxy 
is  employed  to  deposit  the  following  series  of  layers  for  the  LEDs:  3-yum  n+  GaAs  buffer,  0.5-/um 
n  Al9.3Gao.7As,  0.4-yum  p  GaAs  active,  0.5-yum  p  Al9.3Ga9.7As,  and  0.25-/um  n+  GaAs  cap.  The 
material  grown  on  the  bare  Si  islands  is  monocrystalline,  while  that  on  the  Si3N4/Si02  is  poly¬ 
crystalline.  The  polycrystalline  material  is  removed  by  etching.  Octagonal  mesas  for  LEDs  are 
formed  in  the  monocrystalline  GaAs/AlGaAs  islands  by  etching  down  to  the  n+  GaAs  buffer. 
Plasma-enhanced  chemical  vapor  deposition  is  used  to  deposit  SiNx  over  the  entire  wafer.  Con¬ 
tact  openings  for  both  MOSFETs  and  LEDs  are  etched  in  the  nitride/ oxide  layer.  Metallization 
is  performed  by  evaporating  A1  on  the  MOSFETs  and  Ni/Ge/Au  and  Cr/Au,  respectively,  on 
the  cathode  and  anode  of  the  LEDs.  Contacts  to  the  MOSFET  drain  and  LED  cathode,  al¬ 
though  not  utilized  in  joint  operation  of  the  two  devices,  are  made  in  order  to  permit  the  charac¬ 
teristics  of  each  device  to  be  measured  separately. 

Figure  3-11  is  an  optical  micrograph  showing  a  completed  GaAs/AlGaAs  LED  surrounded 
by  a  Si  MOSFET.  The  MGS  MOSFETs  have  normal  transistor  characteristics,  which  are  about 
the  same  as  the  characteristics  of  control  MOSFETs  fabricated  on  a  separate  Si  wafer. 

The  MGS  LEDs  have  negligible  leakage  current  and  a  breakdown  voltage  of  about  16  V, 
the  same  as  the  value  obtained  for  control  devices  fabricated  on  a  GaAs  substrate.  At  low  for¬ 
ward  bias  voltages,  both  the  MGS  and  control  LEDs  have  an  ideality  factor  close  to  2,  indicat¬ 
ing  that  recombination  is  the  dominant  mechanism  of  current  flow.  However,  at  a  given  bias 
voltage  the  current  is  about  50  times  higher  for  the  MGS  devices  than  for  the  control  devices. 
This  implies  that  the  minority  carrier  lifetime  is  much  shorter  for  the  MGS  GaAs/AlGaAs  layers 
than  for  the  control  layers. 
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Figure  3-1 L  Optical  micrograph  of  a  GaAsj AlGaAs  LED 
and  the  surrounding  Si  MOSFET. 

Figure  3-12  shows  the  light  output  vs  dc  current  characteristic  for  an  MGS  LED.  At  100  mA 
the  output  is  about  6.5  nW,  which  is  10  to  15  percent  of  the  output  from  control  devices.  The 
MGS  LEDs  have  a  nonuniform  near-field  pattern  with  many  dark  spots,  while  the  pattern  for 
the  control  LEDs  is  uniform. 

To  investigate  the  modulation  of  the  MGS  LED,  a  stream  of  voltage  pulses  was  applied  to 
the  MOSFET  gate  with  the  LED  anode  biased  at  5  V.  Figure  3-13(a-b)  shows  the  waveforms  of 
the  gate  voltage  pulses,  LED  current,  and  light  output.  At  a  pulse  repetition  rate  of  5  MHz,  the 
light  output  pulses  are  widely  separated.  At  a  rate  of  10  MHz,  there  is  not  much  separation 
between  them.  Although  the  light  output  closely  follows  the  current,  there  is  considerable  delay 
and  distortion  in  the  current  waveform  compared  with  the  voltage  waveform.  It  can  be  concluded 
that  the  modulation  rate  is  limited  not  by  the  carrier  lifetime  of  the  LED  but  by  the  speed  of  the 
Si  MOSFET  in  charging  and  discharging  the  drain/cathode  capacitance.  It  should  be  possible  to 
achieve  much  higher  modulation  rates  by  scaling  down  the  MOSFET  dimensions,  reducing  the 
LED  series  resistance,  and  reducing  the  drain/cathode  capacitance. 

H.K.  Choi  T.H.  Windhorn 

G.W.  Turner  B-Y.  Tsaur 
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Figure  3-12.  Light  output  vs  current  characteristic  of  an  MGS  LED. 
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Figure  3-13 .  Modulation  characteristics  of  an  MGS  LED  at  (a)  5  MHz  and  (h)  10  MHz. 
The  bottom,  middle,  and  top  traces  are  the  waveforms  of  the  gate  voltage,  current,  and  light 
output,  respectively. 
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Figure  3-14 .  Current-voltage  characteristics  of  (a)  n-channel  device  with  Lejj  -  0.8  pm, 
and  (b)  p-channel  device  with  Leff=  0.7  fim 
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3.4  SUBMICROMETER  CMOS  DEVICES  IN  ZONE-MELTING-RECRYSTALLIZED 
SOI  FILMS 

Extensive  efforts  are  currently  being  directed  toward  the  development  of  silicon-on-insulator 
(SOI)  technologies  for  VLSI  applications.  Using  zone-melting-recrystallized  (ZMR)  SOI  films  pre¬ 
pared  by  the  graphite-strip-heater  technique,6  in  which  subboundaries  (low-angle  grain  bound¬ 
aries)  are  the  principal  defects,  we  have  recently  fabricated  fully  functional  CMOS  IK  static 
RAMs  and  1.2K  gate  arrays  with  good  operating  characteristics.  Subboundaries  apparently  have 
no  significant  impact  on  the  operation  of  these  circuits,  which  have  minimum  feature  sizes  of 
3  to  4  /im.  However,  there  has  been  concern  that  subboundaries  may  degrade  the  characteristics 
of  devices  with  submicrometer  dimensions.  One  possibility  is  that  enhanced  dopant  diffusion 
could  occur  along  the  subboundaries,  causing  an  increase  in  transistor  leakage  current  and  even 
shorting  between  source  and  drain. 

In  the  present  work  we  have  used  a  conventional  poly-Si  gate  process  to  fabricate  sub¬ 
micrometer  CMOS  transistors  and  39-stage  ring  oscillators  in  0.3-Mm-thick  SOI  films  prepared  by 
ZMR  on  Si  substrates  coated  with  a  1.5-/jm-thick  Si02  layer.  Low-temperature  processing  was 
employed  to  minimize  enhanced  dopant  diffusion  along  subboundaries.  Good  device  characteris¬ 
tics  have  been  obtained,  although  the  threshold-voltage  variation  is  greater  than  for  bulk  Si  con¬ 
trol  devices.  The  LOCOS  process  was  used  for  device  isolation.  The  devices  have  n+  poly-Si  gate 
electrodes  and  source  and  drain  regions  formed  by  ion  implantation  followed  by  annealing  at 
temperatures  below  850°  C.  The  gate  oxide  thickness  is  25  nm,  and  the  gate  widths  for  n-  and 
p-channel  devices  are  25  and  40  /im,  respectively.  For  comparison,  control  devices  of  the  same 
design  were  fabricated  in  bulk  Si. 

Figure  3-14(a-b)  shows  the  current-voltage  characteristics  of  n-  and  p-channel  SGI  devices 
with  effective  channel  lengths  of  0.8  and  0.7  /im,  respectively.  Both  devices  have  well-behaved 
characteristics.  Their  maximum  field  effect  mobilities  are  550  and  260  cm2/V-s,  respectively, 
which  are  comparable  to  the  values  for  the  bulk  Si  control  devices.  The  effective  channel  length 
(Leff)  is  equal  to  the  nominal  source-drain  spacing  minus  the  distance  of  lateral  dopant  diffusion 
between  the  source  and  drain.  The  diffusion  distance  has  been  found  by  measuring  the  character¬ 
istics  of  transistors  with  the  same  gate  width  but  various  gate  lengths.  The  diffusion  distances  for 
the  n-  and  p-channel  SOI  devices  are  0.4  and  0.5  /*m,  respectively.  These  values,  although  larger 
than  the  values  of  0.3  and  0.35  /xm  measured  for  the  corresponding  control  devices,  are  not  suffi¬ 
cient  to  cause  significant  degradation  of  the  transistor  characteristics. 

Figure  3-15  shows  the  subthreshold  current-voltage  characteristics  of  typical  n-  and  p-channel 
transistors  with  various  values  of  Leff.  The  leakage  currents  are  less  than  0.1  pA//nm  channel 
width,  nearly  independent  of  Leff.  The  dependence  of  threshold  voltage  on  Leff  is  shown  in  Fig¬ 
ure  3-16.  The  decrease  in  threshold  voltage  with  decreasing  Leff,  the  so-called  short-channel 
effect,  is  small  for  both  n-  and  p-channel  devices. 

To  assess  threshold-voltage  uniformity,  measurements  were  made  on  transistors  randomly 
selected  from  a  3-in  wafer.  The  threshold  voltage  distributions  for  62  n-channel  and  62  p-channel 
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Subthreshold  current-voltage  characteristics  of  n-  and  p-channel  devices 
values  of  Lej-f.  The  drain  bias  voltages  are  +J  and  -3  V,  respectively. 
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Figure  3-16.  Threshold  voltage  vs  effective  channel  length  for  n-  and  p-channel  devices. 

devices  with  Leff  =  1.2  /urn  are  shown  in  Figures  3-1 7(a)  and  (b),  respectively.  For  each  type  of 
device  the  standard  deviation  is  38  mV,  about  twice  the  value  observed  for  the  bulk  Si  control 
devices.  The  increase  in  threshold  voltage  variation  may  have  resulted  from  the  presence  of  sub¬ 
boundaries  in  the  SOI  film.  For  many  digital  circuits  operated  with  a  5-V  supply  voltage,  the 
observed  variation  would  be  quite  acceptable.  For  submicrometer  VLSI  circuits  requiring  lower 
supply  voltages,  however,  the  variation  would  need  to  be  decreased. 

Figure  3- 18(a)  shows  the  output  waveform  of  a  39-stage  SOI  ring  oscillator  (Leff  =  0.8  /uni, 
fan  in/ out  =  1)  for  a  supply  voltage  of  5  V.  The  propagation  delay  per  stage  is  95  ps.  In  Fig¬ 
ure  3- 18(b),  the  propagation  delay  is  plotted  as  a  function  of  supply  voltage  for  three  ring  oscilla¬ 
tors  with  different  values  of  Lejy.  The  delay  times  are  30-  to  40-percent  smaller  than  those  of 
bulk  Si  control  devices.  The  higher  speed  of  the  SOI  devices  is  attributed  to  the  reduced  parasitic 
capacitance  of  the  SOI  structure. 

Submicrometer  CMOS  devices  have  recently  been  fabricated  in  SOI  materials  prepared  by 
oxidation  of  porous  Si  (Reference  7),  laser  recrystallization,8  and  oxygen  implantation,9  and  also 
in  improved  SOS  material.10  The  submicrometer  devices  that  we  have  fabricated  in  ZMR  SOI 
Films  are  generally  comparable  in  performance  to  those  fabricated  in  the  other  materials, 
although  direct  comparisons  are  not  feasible  because  of  differences  in  device  processing  and 
dimensions.  However,  the  source-drain  diffusion  and  threshold-voltage  variation  are  greater  for 
the  ZMR  devices,  probably  because  of  the  presence  of  subboundaries.  By  improving  the  ZMR 
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Figure  3-17.  Threshold  voltage  distributions  for  (a)  n-  and  (b)  p-channel  devices 
with  1.2  pm.  The  standard  deviation  is  38  mV  for  both  types  of  devices. 
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Figure  3-18 .  (a)  Output  waveform  of  39-stage  ring  oscillator  with  Fejj-  0.8  pm  at  a  supply 
voltage  of  5  V.  (h)  Propagation  delay  as  a  function  of  supply  voltage. 
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Figure  3-19.  Absorptance  spectra  for  light  polarized  parallel  to  the  c  (optic)  axis 
at  three  locations  along  the  length  of  a  TuA^Oj  crystal  (a)  77^+  absorption  band ; 
(b)  residual  infrared  absorption  band,  plotted  on  an  expanded  absorptance  scale. 


processing  technique,  we  have  recently  obtained  ZMR  films  with  large  subboundary-free  areas.11 
We  anticipate  that  devices  fabricated  in  subboundary-free  ZMR  films  will  be  fully  adequate  for 
high-performance  integrated  circuits. 

B-Y.  Tsaur 

C.K.  Chen 

3.5  RESIDUAL  INFRARED  ABSORPTION  IN  Ti:AI203  CRYSTALS 

The  performance  of  TUAI2O3  lasers  is  generally  impaired  by  an  infrared  absorption  of 
unknown  origin  that  occurs  in  the  laser  output  wavelength  region.  We  have  previously  de¬ 
scribed12  a  gradient-freeze  technique  for  growing  TiiAljOj  crystals  with  sufficiently  low  residual 
absorption  to  permit  the  fabrication  of  lasers  exhibiting  room-temperature  CW  operation  over  a 
tuning  range  between  693  and  948  nm  (see  Section  2.1  on  p.9).  In  this  report  we  present  data 
relating  the  intensities  of  the  residual  absorption  and  the  absorption  due  to  the  Ti3+  laser  ions. 
These  data  support  a  model13  that  attributes  the  residual  absorption  to  Ti3+-Ti4+  pairs. 

Measurements  of  absorptance  (-log  I/I0,  where  I  is  the  transmitted  intensity  and  I0  the  inci¬ 
dent  intensity)  as  a  function  of  wavelength  for  light  polarized  parallel  to  the  c  (optic)  axis  have 
been  made  with  a  spectrophotometer  at  a  number  of  positions  along  the  length  of  polished  longi¬ 
tudinal  sections  cut  from  two  as-grown  TiiA^O)  crystals.  Figure  3-19(a)  shows  the  spectra  ob¬ 
tained  for  the  Ti3+  absorption  band  at  three  positions  on  Crystal  A.  The  absorptance  increases 
with  increasing  distance  from  the  seed  end  because  the  Ti3+  concentration  increases  in  this  direc¬ 
tion.  Figure  3-19(b)  shows  the  corresponding  spectra  for  the  residual  band,  which  are  plotted  on 
a  greatly  expanded  intensity  scale.  The  residual  intensity  also  increases  with  distance  from  the 
seed  end.  These  results  have  been  used  to  obtain  the  data  shown  as  open  triangles  in  Figure  3-20, 
where  the  absorption  coefficient  (ares)  at  900  nm  in  the  residual  absorption  band  is  plotted  on  a 
log-log  scale  against  the  coefficient  (amax)  at  485  nm,  the  peak  of  the  Ti3+  band.  The  data  ob¬ 
tained  from  spectrophotometer  measurements  at  five  positions  on  a  section  from  Crystal  B  are 
shown  as  open  circles.  The  data  fit  two  parallel  straight  lines,  one  for  each  crystal,  with  a  slope 
of  2.  For  a  given  value  of  amax,  the  value  of  ares  is  about  60-percent  greater  for  Crystal  A  than 
for  Crystal  B.  For  a  laser  rod  cut  from  a  crystal  designated  as  C,  amax  was  found  by  spectropho¬ 
tometer  measurements,  and  an  upper  limit  was  found  for  the  residual  absorption  at  770  nm  by 
analyzing  the  laser  threshold  and  slope  efficiency  to  determine  the  round-trip  cavity  loss.14  The 
point  obtained  in  this  manner,  represented  by  the  open  square  in  Figure  3-20,  falls  close  to  the 
straight  line  obtained  for  Crystal  B.  For  this  sample,  ares  is  less  than  1  percent  of  amax. 

In  a  recent  study  we  have  shown  that  amax  is  proportional  to  the  Ti3+  concentration,  which 
was  determined  by  measuring  the  magnetization  of  TfcA^Oj  samples  as  a  function  of  tempera¬ 
ture  and  magnetic  field.14  The  data  of  Figure  3-20  therefore  show  that  ares  increases  linearly  with 
the  square  of  the  Ti3+  concentration.  This  relationship  indicates  that  the  residual  absorption  is 
due  to  an  absorbing  species  composed  of  two  members,  one  of  which  might  be  a  Ti3+  ion.  The 
possibility  that  the  absorbing  species  is  a  Ti3+-Ti3+  pair  is  ruled  out  because  in  this  case  ares 
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Figure  3-20.  Residual  absorption  at  900  nm  (ares)  vs  Ti absorption 
at  485  nm  (amax)  for  Ti:A  l ,  Oj  crystals. 

would  be  a  single-valued  function  of  amax.  This  prediction  is  inconsistent  with  the  difference 
observed  between  the  sets  of  data  for  the  as-grown  Crystals  A  and  B,  and  even  more  so  with  the 
results  shown  in  Figure  3-20  for  two  annealed  samples.  One  of  these,  cut  from  Crystal  B,  was 
annealed  in  Ar  gas  containing  10-ppm  O2.  This  treatment  decreased  o!max  by  more  than  a  factor- 
of-3  while  increasing  ares  by  almost  as  much.  The  other  sample,  from  Crystal  A,  was  annealed  in 
Ar  gas  containing  about  15-percent  H2,  causing  ares  to  decrease  by  almost  a  factor-of-6  without 
a  significant  change  in  amax. 
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The  data  of  Figure  3-20  suggest  that  the  residual  absorption  is  due  to  Ti3+-Ti4+  pairs,  as  pro¬ 
posed  by  Jorgenson.13  In  this  case,  ares  will  be  proportional  to  (o;max)2  as  long  as  the  Ti3+/Ti4+ 
concentration  ratio  is  constant.  According  to  this  model,  the  difference  between  the  results  for  as- 
grown  Crystals  A  and  B  can  be  attributed  to  a  difference  in  their  Ti3+/Ti4+  ratios.  For  a  fixed 
total  concentration  of  Ti  ions,  ares  will  have  its  maximum  value  when  the  Ti3+  and  Ti4+  concen¬ 
trations  are  equal,  and  it  will  disappear  when  either  Ti3+  or  Ti4+  becomes  zero.  We  believe  that 
for  our  as-grown  crystals  the  fraction  of  Ti3+  ions  is  not  far  from  one.  In  this  case,  partial  oxida¬ 
tion  of  Ti3+  ions  to  Ti4+  ions,  while  reducing  a!^*,  can  increase  the  concentration  of  Ti3+-Ti4+ 
pairs  and  therefore  increase  ares,  as  observed  for  the  sample  that  was  annealed  in  Ar-02.  On  the 
other  hand,  partial  reduction  of  the  Ti4+  ions  to  Ti3+  ions  can  produce  a  significant  reduction  in 

pair  concentration,  and  therefore  in  ares,  without  a  significant  increase  in  Ti3+  concentration  and 

amax,  as  observed  for  the  sample  that  was  annealed  in  Ar-H2.  We  are  carrying  out  additional 
annealing  experiments  in  order  to  test  the  Ti3+-Ti4+  pair  model.  Regardless  of  the  mechanism, 
the  substantial  reduction  in  residual  absorption  achieved  by  Ar-H2  annealing  should  result  in 
significantly  improved  laser  performance. 

A.  Sanchez  A.J.  Strauss 

R.E.  Fahey  R.L.  Aggarwal 
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4.  MICROELECTRONICS 


4.1  RAPID,  LOW-RESISTANCE  INTERCONNECTS  BY  SELECTIVE  TUNGSTEN 
DEPOSITION  ON  LASER-DIRECT-WRITTEN  POLYSILICON 

Polysilicon  interconnections  were  locally  deposited  on  oxide-covered  silicon  wafers  by  pyroly¬ 
sis  of  silane  using  a  scanned  Ar+-laser  spot.  These  were  reacted  subsequently  with  WF6  vapor  to 
form  a  tungsten-silicon  composite  interconnect  by  the  silicon  reduction  of  WF6.  The  conductivity 
of  0.4-jxm-thick  polysilicon  conductors  was  enhanced  up  to  20-fold  by  formation  of  a  surface 
tungsten  layer  having  approximately  the  bulk  conductivity  value.  When  this  tungsten-silicon  com¬ 
posite  is  applied  as  interconnect  for  a  2-/um-design-rule  CMOS  gate  array  circuit,  a  10-fold 
improvement  in  speed  is  expected  due  to  the  conductivity  increase.  This  is  the  fastest  process  yet 
reported  for  direct-write  interconnects  with  near-metallic  conductivity. 

Polysilicon  interconnect  lines1  were  deposited  on  oxide-coated  silicon  substrates  to  serve  as  a 
template  for  the  selective  tungsten  substitution  by  the  reduction2  of  an  ambient  WF6  vapor.  In 
order  to  facilitate  electrical  probing  of  the  interconnect  structures,  special  test  patterns  were  fabri¬ 
cated.  Regular  arrays  of  probe  contact  pads  (50  ^m  square)  were  patterned  on  silicon  wafers 
which  were  previously  coated  with  1  /urn  of  CVD-Si02.  The  pad  patterns  were  formed  of  alumi¬ 
num,  with  an  overcoat  of  p+-polysilicon  which  was  furnace  annealed  to  assure  good  contact.  In  a 
SiH4  ambient  atmosphere  at  200  Torr  the  interconnect  lines  were  written  by  scanning  the  sample 
cell  in  the  focus  of  an  optical  microscope  through  which  the  488-nm  light  of  an  argon-ion  laser 
was  directed.  Incident  laser  power  was  nominally  0.4  to  0.6  W,  and  the  scanning  speed  of  the 
computer-controlled  stage  was  2.5  mm/s.  The  polysilicon  lines  were  approximately  2  (jl m  wide 
and  400  nm  thick.  Interconnect  lengths  ranged  from  100  fim  up  to  2.4  mm.  Lines  were  written  as 
either  intrinsic  or  p+-polysilicon,  the  latter  by  pyrolysis  of  a  B2H6/SiH4  mixture. 

After  electrical  testing,  the  interconnect  wafers  were  prepared  for  the  WF6  treatment  by  a 
procedure  developed  to  leave  an  oxide  layer  of  optimal  thickness  on  the  surface  of  the  laser- 
deposited  polysilicon.  It  has  been  observed  that  the  latter  course  of  the  silicon  reduction  of  WF6 
depends  critically  on  the  thickness  of  the  oxide  on  the  sample  before  the  reaction.'5’4 

The  samples  were  then  exposed  to  a  WF6/Ar  ambient  at  0.625  Torr  total  pressure,  where 
the  WF6  comprises  4  percent  of  the  total  350-cm'5/min  reactor  flow.  The  selective  deposition 
reaction  (see  Figure  4-1)  forms  tungsten  on  silicon  by  the  silicon  reduction  of  WF6; 

3  Si  +  2  WF6  -  3  SiF4  I  +  2W 

In  our  experiments  the  temperature  was  varied  from  320°C  to  475°C.  This  reaction  occurs  selec¬ 
tively  on  silicon,  while  either  not  affecting  or  slightly  etching  Si02  (see  Reference  5).  The  reaction 
is  self-limiting,  as  the  deposited  tungsten  acts  as  a  barrier  to  further  WF6  interaction  with  the 
underlying  silicon.  The  reaction  time  was  fixed  at  6  min,  which  is  long  enough  to  allow  the  reac¬ 
tion  to  go  to  completion,  but  too  short  to  obtain  significant  “tunneling”  of  W  particles6  into  the 
bulk  of  the  silicon.  The  wafers  were  allowed  to  cool  in  the  furnace  before  removal  to  prevent 
oxidation  of  the  fresh  W  layer. 
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AS-WRITTEN  LASER-POLY  Si  INTERCONNECT 
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3  Si  +  2  WF6  -  3  SiF4  1  +  2  W 
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AFTER  W  CONVERSION  PROCESS 


Figure  4-1.  Cross-sectional  depiction  of  selective  W  cladding  of  laser-written  poly-Si 
by  the  silicon  reduction  of  WF$. 

Figure  4-2  shows  the  resistance  reduction  factor  as  a  function  of  reaction  temperature;  the 
conductivity  of  the  0.4-/um-thick  interconnects  is  improved  by  up  to  a  factor-of-20  because  of  the 
silicon  reduction  reaction.  Each  point  on  this  figure  includes  the  results  of  the  various  intercon¬ 
nect  lengths  tested,  as  discussed  below.  Note  that  the  conductivity  enhancement  increases  to  the 
highest  temperature  in  our  study;  the  presence  of  A1  contact  pads  does  not  allow  higher  reaction 
temperatures. 

Taking  the  highest  of  these  points  (475°C),  we  plot  in  Figure  4-3  the  interconnect  resistance 
before  and  after  the  Si  reduction  reaction,  as  a  function  of  interconnect  length.  No  intercept  shift 
or  nonlinearity  is  seen  in  this  plot,  nor  in  related  plots  under  different  temperatures.  In  the  case 
of  initially  undoped  polysilicon,  the  original  resistivity  is  too  high  to  be  accurately  measured,  but 
the  WF6-treated  lines  attain  similar  conductivities  as  their  p+-doped  counterparts  for  comparable 
line  lengths  and  furnace  temperatures.  This  confirms  that  the  temperature  dependence  of  conduc¬ 
tivity  improvement  obtained  by  the  WF6  treatment  pertains  to  the  effects  of  that  treatment  alone, 
and  is  not  a  side  effect  such  as  an  annealing  effect  in  the  original  laser-deposited  structures. 

Rutherford  backscattering  spectra  (RBS)  have  been  taken  in  order  to  obtain  information  on 
the  location  and  metallurgy  of  the  tungsten  and  polysilicon  layers.  This  analysis  reveals  that  a 
top  layer  contains  only  tungsten,  followed  by  a  gradual  transition  to  a  W/Si  mixture,  becoming 
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Figure  4-2.  Resistance  reduction  factor  R0/ Rf  ( ratio  of  original  to  final  resistance)  of  p +  laser-written 
polysilicon  interconnects  undergoing  selective  tungsten  deposition  vj  reaction  temperature. 
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Figure  4-3.  Resistance  V5  length  for  comparable  B-doped  laser-direct-written  polysilicon  interconnects 
before  and  after  WF6  treatment  at  475° C. 
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Figure  4-4. 
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Fabrication  method  for  submicrometer-gate-length  MESFETs  with  self-aligned  ohmic  contacts. 
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all  silicon  farther  into  the  sample.  No  detectable  oxygen  is  observed.  These  observations  were 
corroborated  by  Auger  electron  spectroscopy.  In  both  the  RBS  and  Auger  analyses,  no  tungsten 
appears  in  the  oxide  region  away  from  the  laser-polysilicon.  Cross-sectional  SEM  observation  of 
the  WF6-treated  laser-written  interconnects  reveals  a  distinct  interface  approximately  100  nm 
beneath  the  surface,  which  corresponds  to  the  thickness  of  the  tungsten  layer  ascertained  by  RBS 
and  Auger  techniques.  This  interface  is  readily  observed  without  the  application  of  staining  or 
preferential  etching. 

A  simple  calculation  allows  one  to  estimate  the  bulk  resistivity  of  the  new  tungsten  layer.  If 
the  original  laser-written  p+  polysilicon  has  thickness  tc  and  resistivity  p0,  then,  after  the  silicon 
reduction  of  WF6,  we  consider  two  layers:  a  tungsten  layer  with  thickness  and  resistivity  tw  and 
pw,  and  the  remaining  polysilicon  with  thickness  t0  -  2tw.  By  summing  the  parallel  resistances  of 
these  two  layers  (using  our  475°C  result  from  Figure  4-2),  we  obtain  p0/pw  =  78.  Thus  with  p0  — 
500  pfl-cm,  pw  —  6.4  pfl-cm,  which  is  very  close  to  the  bulk  value  of  5.6  pfl-cm. 

This  is  the  fastest  process  yet  reported  for  direct-write  interconnects  with  near-metallic  con¬ 
ductivity.  As  device  dimensions  are  scaled  down,  the  requirements  for  greater  metallization  con¬ 
ductivity  become  more  severe.  A  simple  analysis7  demonstrates  that,  for  CMOS  gate  arrays,  the 
device  speed  and  interconnect  delays  are  comparable  factors  in  determining  overall  circuit  per¬ 
formance  in  the  case  of  polysilicon  (5-pm  design  rule,  10-mm2  chip  area).  For  any  significant 
reduction  in  device  geometry,  the  interconnect  conductivity's  contribution  becomes  more  pro¬ 
nounced.  For  example,  a  2-pm-design-rule  gate  array  circuit  metallized  with  polysilicon  would  be 
about  10  times  slower  than  with  selectively  clad  tungsten/silicon  interconnects.  With  the  combina¬ 
tion  of  rapid  (2.5-mm/s)  direct  writing  and  the  reduction  of  WF6,  discretionary  wiring  of  proto- 
type  gate  arrays  with  tight  design  rules  is  feasible. 

J.G.  Black  A.D.  Feinermant 

D.J.  Ehrlich  H.H.  Bustat 

J.H.C.  Sedlacek 

4.2  SUBMICROMETER-GATE  MESFET  WITH  SELF-ALIGNED  OHMIC 
CONTACTS  USING  CONVENTIONAL  LITHOGRAPHY 

The  use  of  conventional  lithography  to  define  submicrometer-gate-length  MESFETs  could  be 
a  cost-effective  alternative  to  electron-beam  writing.  For  this  reason,  we  are  employing  conven¬ 
tional  lithography  in  the  fabrication  of  submicrometer-gate-length  MESFETs  that  are  required  in 
a  millimeter-wave  transceiver  module  which  is  presently  under  development. 

The  MESFET  fabrication  sequence  is  shown  in  Figure  4-4.  The  etched  step  in  the  Si02  layer 
[Figure  4-4(a)]  and  shadow  evaporation  of  Ni  [Figure  4-4(b)]  are  used  to  define  the  active  gate 


t  Department  of  Physics  and  Astronomy,  Northwestern  University,  Evanston,  IL  60621. 
t  Gould  Research  Center,  Rolling  Meadows,  IL  60008. 
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Figure  4-5.  Submicrometer  u T’-shaped  gate  with  self-aligned  ohmic  contact. 


Figure  4-6.  DC  trace  for  a  0.5  X  300-fJim  gate  MESFET. 
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length.  The  refractory  W/Au  Schottky-barrier  gate  metal  is  aligned  over  the  exposed  GaAs  [Fig¬ 
ure  4-4(c)]  and  extends  onto  the  Si02  on  either  side  to  form  a  “P’-shaped  cross  section  upon 
photoresist  lift-off.  This  low-resistance  gate  configuration  also  acts  to  define  the  source-to-drain 
spacing  during  the  self-aligned  ohmic  contact  metal  deposition  [Figure  4-4(d)]. 

The  ohmic  contact  metallization  used  is  the  recently  developed  Pd-Ge-Au  system.8  This 
metallization  yields  a  much  smoother  topography  than  Ni-Ge-Au  systems,  thus  reducing  the 
incidence  of  gate  to  ohmic  short  circuits. 

The  scanning  electron  micrograph  in  Figure  4-5  shows  the  cross  section  of  the  gate  region  of 
a  monolithic  power  amplifier  MESFET  fabricated  by  this  method.  The  gate  shown  is  0.5  jum  in 
length;  however,  the  same  process  has  been  employed  to  provide  longer  or  shorter  gate  lengths. 

Typical  dc  characteristics  of  the  MESFET  and  RF  test  results  of  the  monolithic  power 
amplifier  are  shown  in  Figures  4-6  and  4-7,  respectively.  The  dc  trace  is  for  a  300-/*m-wide  gate 
section.  For  the  power  amplifier  at  16  GHz,  6  dB  of  maximum  available  gain  was  measured.  The 
continued  development  of  input  and  output  matching  circuits  for  the  amplifier  and  the  device 
process  should  increase  the  gain  of  this  amplifier  and  make  it  comparable  to  devices  defined  by 
electron-beam  lithography. 

L.J.  Mahoney  D.J.  Burrows 

C.L.  Chen  P.L.  Cociani 

A.  Gopinath 


Figure  4-7.  A  0.5  X  600-pm  gate  MESFET  monolithic  power  amplifier. 
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Figure  4-8.  >15X5  Baugh-  Wooley  array  multiplier. 
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4.3  DESIGN  OF  AN  E-BEAM  TESTABLE  AND  RESTRUCTURABLE 
ARRAY  MULTIPLIER 

As  the  size  and  complexity  of  very  large  scale  integration  (VLSI)  increases,  the  testability  of 
the  circuit  becomes  challenging  and  the  yield  of  the  circuit  decreases.  The  electron-beam  pro¬ 
grammable  floating  gate  device  is  used  to  increase  the  the  testability  and  to  improve  the  fault  tol¬ 
erance  of  a  Baugh-Wooley  two's-complement  array  multiplier.9  The  electron-beam  programmable 
FETs  are  conventional  floating-gate  MOS  devices  that  can  be  programmed  using  focused  electron 
beams.  The  p-channel  FETs  are  initially  off,  but  can  be  programmed  to  the  on-state  by  using  a 
scanning-electron-beam-lithography  system  to  deposit  electrons  directly  on  the  floating  polysilicon 
gates. 

The  Baugh-Wooley  two's-complement  array  multiplier  is  a  very  important  building  block  for 
ALUs  and  numerous  digital  signal  processing  architectures.  In  two's-complement  number  system, 
integer  A  with  (m  +  1)  bits  represents  a  decimal  value  of 

m-l 

A  =  -2mam  +  jT  2‘a, 
i=0 

A  multiplication  of  two  integers  A  with  (m  +  1)  bits  and  B  with  (n  +  1)  bits  in  two’s-complement 
representation  is  then 

PAB  =  A  *  B 


m-l  \ 

-2mam  +  2  2‘ai  ) 

*  (-2nbn  +  2  2ibj) 

i=0 

j=0 

!  m-l 

n-1 

n-1 

m-l 

(2m+nambn+  X 

2  2‘2)a,bj  -  2mam 

2  2)bj-2nbn 

2  2'ai) 

1=0 

j=0 

j=0 

i=0 

A  straightforward  implementation  of  the  above  equation  will  require  both  addition  and  sub¬ 
traction,  but  it  is  more  convenient  to  add  two's-complement  forms  for  the  negative  summands 

n- 1  m-l 

2mam  %  *h)  and  2"bn  2  2‘a, 
j=0  i=0 

with  appropriate  correction  terms,  which  results  in  the  multiplier  configuration  as  shown  in  Fig¬ 
ure  4-8  (see  Reference  10).  The  Type  I  cells  represent  the  adders  with  input  a,bj,  while  the  Type  II 
cells  represent  the  adders  with  input  ajbj.  The  last  carry-propagate  row  is  included  because  it  is 
necessary  to  add  the  carry-outs  from  the  previous  row.9’10 
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Figure  4-9.  Column  replacement  scheme  for  an  array  multiplier. 
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To  achieve  a  fault-tolerant  array  multiplier,  each  multiplier  module  must  be  completely 
tested  and  any  faulty  modules  must  be  identified.  Then,  the  faulty  modules  must  be  disconnected 
from  the  array  and  replaced  using  the  redundant  modules.  Given  the  Baugh-Wooley  array  mul¬ 
tiplier  of  Figure  4-8,  a  cell-by-cell  replacement  is  very  difficult  because  of  special  interconnection 
requirements  that  assure  the  summands  to  be  added  correctly.  Unlike  the  memory  circuits  where 
each  row  or  column  is  identical,  special  information  is  processed  through  the  interconnections  of 
the  multiplier.  Therefore,  to  keep  the  cell-to-cell  relationship,  a  column  replacement  of  faulty  cells 
is  implemented.  The  column  replacement  scheme  is  simpler  to  implement  than  row  replacement 
because  it  requires  fewer  switches,  and  it  exploits  the  symmetry  of  the  columns  to  reduce  the 
need  for  redundant  cells.  When  a  faulty  cell  is  identified,  the  left  column  of  the  array  will  be 
redirected,  skipping  the  column  containing  the  faulty  cell.  Moreover,  to  have  the  same  input  and 
output  terminals  regardless  of  the  use  of  redundant  columns,  the  vertical  inputs  and  outputs  are 
programmable  to  two  adjacent  input  or  output  lines.  From  the  cell  arrangement  shown  in 
Figure  4-8,  the  two  types  of  cells  must  be  interchangeable.  This  reconfigurability  of  the  basic  cell 
types  can  be  obtained  easily  using  floating-gate  MOS  transistors,  since  the  only  difference 
between  the  two  types  is  that  one  requires  an  AND  gate  while  the  other  requires  a  NAND  gate. 
The  weak  point  of  a  column  replacement  scheme  is  that  a  break  in  the  horizontal  busses  is  not 
correctable.  Thus,  a  conservative  design  has  been  employed  for  any  horizontal  bus  lines,  and  the 
number  of  horizontal  busses  is  minimized.  Figure  4-9  shows  the  restructurable  multiplier  with  one 
redundant  column  for  a  5  X  5  array. 

To  achieve  the  complete  testability  of  the  array  multiplier,  e-beam  programmable  flip-flops 
and  e-beam  readable  output  nodes  are  inserted  at  different  points  of  the  array  to  access  the 
internal  input  and  output  nodes.  These  use  the  parasitic  diodes  present  in  the  regular  MOS  struc¬ 
tures.  Several  different  array  multipliers  with  different  testing  approaches  have  been  designed  in 
the  MOSIS  3-Aim  scalable  CMOS  process. 

S.  Oliver 


4.4  PACKAGING  JIG  FOR  WHISKER-CONTACTED, 

SUBMILLIMETER-WAVE  DEVICES 

We  have  designed,  built,  and  tested  a  small,  inexpensive  jig  for  the  rapid  packaging  of 
whisker-chip  diodes  and  quantum  well  (QW)  devices.  It  is  precise  enough  to  permit  whisker  con¬ 
tacting  of  mesa-geometry  devices  having  diameters  down  to  about  1  fit n.  Either  cylindrical  or 
waveguide  wafer-geometry  cartridges  may  be  assembled,  useful  to  the  present  limit  of  waveguide 
technology  of  325  GHz.  The  jig  is  small  and  portable  so  as  to  be  usable  with  any  nondedicated 
160-500X  microscope.  We  are  now  in  a  position  to  interchange  QW  devices  and  electromagnetic 
coupling  structures  at  will;  this  flexibility  is  essential  for  the  development  of  QW  oscillators  at 
higher  frequencies. 

C.D.  Parker 
E.R.  Brown 
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5.  ANALOG  DEVICE  TECHNOLOGY 


5.1  SUPERCONDUCTIVE  ANALOG  SIGNAL  CORRELATOR 

The  correlation  of  wideband  analog  signals  has  many  applications  in  advanced  communica¬ 
tion  systems  and  radar  systems.  We  have  designed,  fabricated,  and  tested  a  wideband  time- 
integrating  signal  correlator  using  superconductive  integrated  components. 

The  analog  time-integrating  correlator  architecture  is  shown  schematically  in  Figure  5-1.  The 
correlator  takes  two  time-varying  input  signals  and  multiplies  them  in  a  mixer.  The  output  of 
this  mixer  is  then  integrated  over  a  fixed  period  of  time  (the  correlation  interval),  after  which  the 
integrator's  content  is  read  out.  For  the  device  recently  demonstrated,  the  integration  is  per¬ 
formed  in  a  high-Q  resonator,  and  the  two  signal  inputs  to  the  correlator  are  frequency  offset  by 
an  amount  equal  to  the  resonator's  center  frequency. 

Figure  5-2  shows  the  electrical  schematic  of  the  correlator.  The  mixing  of  the  two  signals  s(t) 
and  r(t)  occurs  in  the  series  arrays  of  SIS  tunnel  junctions.  These  junctions  are  biased  to  a  point 
near  the  knee  of  the  quasiparticle  I-V  characteristic  in  order  to  maintain  high  mixing  efficiency. 
The  mixer  junctions  are  8  pm  square  and  are  integrated  into  a  series  array  of  25  junctions  in 
order  to  provide  higher  output  levels  and  the  relatively  high  output  impedance  (~200  II)  needed 
to  avoid  loading  the  input  of  the  following  lumped-element  L-C  resonator.  During  the  correlation 
interval,  this  resonator  integrates  the  product  of  the  two  input  signals  and,  for  long  integration 
times,  must  have  a  large  Q.  The  lumped-element  inductor  was  fabricated  out  of  a  superconduc¬ 
tive  niobium  thin  film,  as  was  the  bottom  electrode  of  the  lumped-element  capacitor.  The  capaci¬ 
tor  dielectric  was  formed  by  electrolytically  anodizing  the  top  surface  of  this  bottom  electrode  to 
form  a  44-nm  layer  of  Nb205.  Capacitor  fabrication  was  completed  by  the  evaporation  of  a  Pb 
counterelectrode.  The  measured  Q  of  600  for  our  20-MHz  resonant  circuit  implies  a  linear  inte¬ 
gration  time  greater  than  2  fi s,  allowing  the  processing  of  analog  waveforms  with  time-bandwidth 
products  in  excess  of  5000. 

As  can  be  seen  in  Figure  5-2,  there  is  a  large-area  tunnel  junction  embedded  in  the  L-C 
resonant  circuit.  This  junction  functions  as  a  variable-threshold  comparator,  used  for  determining 
the  integrator's  contents  at  the  end  of  the  integration  (correlation)  time.  This,  as  well  as  the 
mixer  junctions  in  this  analog  correlator,  consists  of  a  Nb/Nb205/Pb  trilayer.  The  readout  tun¬ 
nel  junction  is  designed  to  be  20  X  80  /zm  with  a  critical  current  of  5  mA.  Since  the  readout  tun¬ 
nel  junction  operates  in  the  zero-voltage  state  during  the  integration  period,  the  large  critical  cur¬ 
rent  of  this  junction  is  needed  to  support  the  maximum  integrated  output  of  the  correlator. 

In  order  to  detect  the  integrated  signal  stored  in  the  high-Q  resonator,  a  linearly  increasing 
current  ramp  is  applied  to  the  Josephson-junction  peak  detector.  When  the  sum  of  the  oscillating 
current  flowing  in  the  L-C  circuit  and  the  instantaneous  value  of  the  readout  ramp  reaches  the 
critical  current  of  the  junction,  the  junction  will  switch  to  the  voltage  state.  The  instantaneous 
value  of  the  readout  ramp,  or  the  measured  time  at  the  moment  of  switching,  is  an  indication  of 
the  magnitude  of  integrated  current  stored  in  the  resonator  and  thus  measures  the  correlation  of 
the  two  input  signals. 
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Figure  5-1.  Schematic  drawing  of  single-channel  time-integrating  correlator. 
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Figure  5-2. 


Electrical  schematic  of  mixer-integrator  peak-detector  correlation  cell. 
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Figure  5-3.  Plot  of  integrated  resonator  current  as  a  function  of  input  power  levels  and  integration  time. 

Figure  5-3  shows  a  plot  of  the  switching  time  of  the  Josephson-junction  peak  detector  as  a 
function  of  the  duration  of  the  input  signals  for  different  combinations  of  input  power  levels. 

The  switching  time  is  measured  as  an  offset  from  the  time  the  junction  would  switch  if  there 
were  no  RF  signal  stored  in  the  L-C  resonator.  Therefore,  an  increase  in  switching  time  repre¬ 
sents  an  increase  in  integrated  mixer  output.  As  expected,  Figure  5-3  reveals  a  linear  dependence 
of  the  inferred  integrator  contents  on  the  integration  time.  Additionally,  we  observe  a  propor¬ 
tional  increase  in  integrator  stored  energy  as  the  input  power  to  the  mixer  arrays  is  increased. 

In  order  to  compute  the  correlation  of  signal  and  reference  at  multiple  values  of  time  offset, 
we  are  currently  fabricating  a  multi-cell  version  of  this  time-integrating  correlator  incorporating 
long  delay  lines  and  digital  output-processing  circuits. 

J.B.  Green  S.A.  Reiblet 

L.N.  Smith  R.  S.  Withers 

A.C.  Anderson 


t  MICRILOR,  Wakefield,  MA. 
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5.2  BULK-ACOUSTIC- WAVE  HOLOGRAPHIC-GRATING  RESONATORS 


Previous  reports1"3  have  introduced  the  concept  of  holographic-grating  acoustic- wave  devices 
that  are  based  upon  the  interaction  of  bulk  acoustic  waves  (BAW)  with  an  optically  generated 
hologram  in  iron-doped  lithium  niobate  (FerLiNbC^).  This  class  of  devices  holds  the  potential  for 
realizing  wide-bandwidth  filters  and  very  high  frequency  resonators.  We  project  that  resonators 
with  fundamental  frequencies  between  2  and  5  GHz  with  Q  values  as  large  as  105  are  possible. 

Three  boules  of  LiNb03  lTon  doping  concentrations  of  0.005,  0.015,  and  0.05  percent 
by  weight  were  grown  in  order  to  measure  grating  reflection  coefficients  and  acoustic  propagation 
loss  as  a  function  of  iron  doping.  The  results  are  summarized  in  Table  5-1.  The  reflection  coeffi¬ 
cients  were  determined  by  measuring  the  bulk-acoustic  reflection  from  a  uniform  grating  at  the 
resonant  frequency  (at  which  the  incident  acoustic  wavelength  is  equal  to  twice  the  grating 
period).  The  data  indicate  that  the  reflection  coefficient  increases  monotonically  with  iron  concen¬ 
tration.  At  0. 05-percent  iron  doping,  the  reflection  coefficient  (2  X  10"4)  is  large  enough  that  prac¬ 
tical  devices  can  be  fabricated.  In  fact,  because  of  the  large  number  of  reflectors  in  a  grating,  the 
overall  grating  reflection  can  approach  unity. 


TABLE  5-1 

Characteristics  of  Bulk-Acoustic  Holograms 

Iron 

Doping 

(percent) 

Grating  Element 
Reflection  Coefficient 

Propagation  Loss 
at  1  GHz 
(dB/Ms) 

0.005 

<10‘5 

<1.0 

0.015 

10'4 

<1/2 

0.05 

2  X  10'4 

<0.7 

The  values  of  propagation  loss  shown  in  Table  5-1  are  very  encouraging  and  are  low  enough 
to  be  acceptable  in  practical  devices.  These  loss  values  are  upper  bounds  to  the  true  material  loss 
since  they  were  inferred  from  the  decay  in  amplitude  of  an  acoustic  pulse  as  it  makes  multiple 
passes  through  the  sample.  The  loss  figure  obtained  by  this  method  includes  losses  due  to  mis¬ 
alignment  of  the  front  and  back  faces  of  the  sample,  and  losses  upon  reflection  from  the  front 
and  back  faces. 

An  important  potential  application  for  holographic-grating  acoustic-wave  devices  is  as  high- 
frequency,  high-Q  resonators  for  use  in  stable  low-noise  signal  sources.  To  demonstrate  the 
achievable  Q,  we  have  made  single-port  resonators  with  uniform  gratings.  Figure  5-4  shows  the 
magnitude  of  the  reflected  acoustic  wave  (time-gated  so  that  only  a  single  pass  of  the  crystal  is 
measured)  as  a  function  of  frequency  in  a  typical  experimental  device.  This  was  obtained  with  a 


62 


Figure  5-4.  Frequency  response  of  holographic  acoustic  grating. 

1.5-in-long  piece  of  0.05-percent  FeiLiNbC^.  The  measured  center  frequency  is  f0  =  1.29  GHz  and 
the  bandwidth  is  Af  =  300  kHz,  implying  a  quality  factor  Q  =  f0/Af  =  4.3  X  103.  The  reflection 
coefficient  of  the  grating  was  nearly  unity.  The  overall  insertion  loss,  however,  is  about  50  dB 
because  no  attempt  has  been  made  to  properly  match  the  transducer  impedance. 

In  this  single-pass  measurement  the  Q  is  limited  by  the  length  of  the  grating  and  the  mea¬ 
sured  value  is  smaller  than  that  predicted  for  a  grating  that  fills  the  sample.  Deficiencies  in  the 
optical  components  used  to  form  the  two  optical  beams  which  interfere  to  create  the  hologram 
caused  the  grating  written  into  the  crystal  to  be  less  than  0.5  in  long.  The  observed  grating 
length  as  measured  by  the  device  impulse  response  is  consistent  with  the  measured  Q  value.  The 
limiting  optical  component  is  the  beam  splitter,  and  improvements  in  the  optics  are  under  way 
which  will  result  in  longer  gratings  and  higher  Q  values. 

Figure  5-5  shows  projected  limits  to  resonator  Q  values  as  a  function  of  frequency  for  two 
different  implementations  of  the  device.  The  lines  which  show  a  Q  increasing  with  frequency 
represent  limits  imposed  by  the  device  geometry  (as  for  the  device  of  Figure  5-4),  while  the  lines 
which  depict  a  Q  decreasing  with  frequency  represent  limits  resulting  from  the  inherent  material 
propagation  losses  which  increase  as  the  square  of  the  frequency.  Any  real  device  must  lie  below 
both  lines.  Two  different  values  of  propagation  loss  are  shown;  loss  of  0.1  dB/jus  at  1  GHz  is  the 
lowest  value  reported  in  the  literature  for  pure  LiNbOj  at  room  temperature,  whereas  loss  of 
1  dB/jus  at  1  GHz  is  the  approximate  upper  limit  to  Fe:LiNb03  loss  as  we  have  measured  it.  It 
should  be  pointed  out  also  that  the  loss  limits  are  independent  of  resonator  structure  and,  thus. 
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Figure  5-5.  Limits  on  quality  factor  Q  of  a  holographic  acoustic-grating  resonator  imposed  by  propagation  loss 
(descending  lines),  length  of  grating  (for  single-pass  resonator),  and  cavity  length  of  resonator  (a  grating-element 
reflectivity  of  2  X  1(H  was  assumed ). 
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are  a  fundamental  limit.  The  figure  shows  the  Q  factors  for  two  different  structures:  a  single-port 
device  with  weak  reflectors,  such  that  the  device  impulse  response  is  essentially  limited  to  a  single 
acoustic  pass;  and  the  two-port  cavity  resonator  structure,  similar  to  that  used  in  SAW  resona¬ 
tors,  in  which  two  arbitrarily  strong  gratings  enclose  a  central  cavity.  The  Q  of  the  single-pass 
device  is  limited  by  the  number  of  grating  lines  which  can  be  placed  within  the  length  of  the  crys¬ 
tal,  whereas  the  cavity  device  can,  with  sufficiently  strong  gratings,  effectively  confine  the  acoustic 
energy  for  multiple  passes  of  the  cavity.  Qs  are  limited  by  the  reflectivity  of  the  gratings  and  the 
length  (in  wavelengths)  of  the  cavity  which  can  be  formed  in  the  crystal.  Also  shown  on  Fig¬ 
ure  5-5  are  some  of  the  Q  values  that  we  have  measured  to  date,  as  discussed  above.  For  l-dB/pis 
loss  in  a  1-in  cavity  resonator,  the  loss  limits  the  Q  above  approximately  1.3  GHz. 

The  line  established  by  0.  l-dB//xs  loss  is  not  a  fundamental  limit.  Acoustic  propagation 
losses  can  be  substantially  decreased  by  cooling  the  material;  e.g.,  reduction  of  loss  by  a  factor 
of  nearly  10  has  been  reported  at  2  GHz  by  cooling  to  liquid-nitrogen  temperatures.4 

We  have  successfully  demonstrated  that  high-Q  resonators  with  fundamental  frequencies 
above  1  GHz  are  possible  using  holographic-grating  bulk-acoustic  wave  devices.  Results  to  date 
have  been  limited  by  the  optics  and  not  the  acoustic  properties  of  the  devices.  Better  optics  are 
being  installed  presently,  and  we  should  be  able  to  demonstrate  even  higher  Q  factors.  We  are 
also  making  efforts  to  raise  the  fundamental  operating  frequencies  to  5  GHz. 

D.E.  Oates 
J.Y.  Pan 

5.3  CANCELER  FOR  HIGH-LEVEL  NARROWBAND  INTERFERENCE 

IN  A  WIDEBAND  CHANNEL 

A  narrowband  canceler  system  for  removal  of  interference  was  described  previously  (see 
p.  38  in  Reference  3)  and  has  since  been  completed  as  a  functioning  unit  at  the  brassboard  proto¬ 
type  level.  The  system,  illustrated  in  the  block  diagram  of  Figure  5-6,  operates  by  tracking  and 
regeneration  of  the  interference  with  a  phase-locked  loop  (PLL).  The  PLL  output  is  then  sub¬ 
tracted  from  the  main  channel,  thus  removing  the  interference.  To  achieve  40  dB  of  cancellation, 
it  is  necessary  that  the  replicated  signal  match  the  amplitude  of  the  interference  to  within  0.06  dB 
and  the  phase  to  within  0.4°.  To  accomplish  this,  a  feedback  loop  which  samples  the  residue 
after  subtraction  is  used.  The  residue  is  coherently  demodulated  using  the  PLL  output  as  the  ref¬ 
erence,  and  the  resulting  in-phase  and  quadrature  components  are  used  to  control  remodulation 
of  the  PLL  output  so  as  to  drive  the  residue  to  zero. 

The  replicated  signal  contains  some  components  of  narrowband  phase  noise  as  well  as  wide¬ 
band  noise,  which  become  part  of  the  residue  after  subtraction.  The  narrowband  noise  is  the 
PLL  phase  noise;  this  is  within  the  bandwidth  of  the  feedback  loop  and,  hence,  is  reduced  by 
about  10  dB  over  the  raw  PLL  level.  This  noise  could  be  reduced  further  by  improvements  to 
the  PLL.  On  the  other  hand,  the  wideband  noise  is  generated  by  the  wideband  amplifier  which 
follows  the  feedback  modulator,  is  outside  the  bandwidth  of  the  loop,  and,  hence,  is  not  reduced 
by  the  feedback.  These  noise  components  tend  to  degrade  the  overall  noise  figure  of  the  receiver. 
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However,  in  the  presence  of  large  interference,  the  low  end  of  the  sensitivity  is  dominated  by  the 
interference  residue  resulting  from  errors  in  the  amplitude  and  phase  of  the  PLL  output  and  not 
the  (enhanced)  thermal  noise  floor.  In  order  to  assure  that  this  remains  true  over  the  full  operat¬ 
ing  range  of  the  canceler,  a  first-order  open-loop  feedforward  amplitude  modulator  (as  explained 
later)  minimizes  the  wideband  thermal  noise.  Further,  when  the  noise  level  drops  below  -40  dBm 
the  injected  signal  is  disabled. 

As  shown  in  Figure  5-6,  a  sample  of  the  input  is  passed  through  an  amplifier/ limiter  chain 
to  a  fast  set-on  PLL  which  acts  as  a  narrowband  tracking  filter  for  the  largest  narrowband  com¬ 
ponent.  A  portion  of  the  signal  is  coupled  off  to  a  detector  before  limiting  to  control  the  feed¬ 
forward  modulator,  which  provides  a  coarse  amplitude  control  so  that  no  more  than  6  dB  of 
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Figure  5-6.  Block  diagram  of  the  narrowband  canceler. 
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further  attenuation  must  be  provided  by  the  feedback  modulator.  By  placing  the  bulk  of  the 
attenuation  after  the  wideband  amplifier,  the  input  level  to  the  amplifier  is  maximized  and  the 
thermal  noise  added  by  the  amplifier  is  minimized.  (The  design  complexity  of  the  feedforward 
modulator  could  have  been  avoided  if  a  high-level  feedback  modulator  was  available.) 

The  overall  effect  of  cancellation  with  feedforward  and  feedback  control  is  an  improvement 
in  signal-to-interference  ratio  of  better  than  40  dB  at  an  input  interference  of  +10  dBm,  which 
gradually  reduces  to  20-dB  improvement  with  an  interference  level  of  -40  dBm.  Over  this  range, 
the  residual  interference  is  always  significantly  higher  than  the  degraded  noise  floor.  Below  this 
level,  the  circuit  is  disabled  and  the  chirp-transform  exciser5  is  used  to  remove  any  remaining  nar 
rowband  interference. 

Figure  5-7  is  a  plot  of  the  predicted  cancellation  ratio  vs  input  interference  level  based  on 
typical  performance  characteristics  taken  from  data  sheets  for  the  components  used  in  the  system 
Figure  5-8(a-b)  is  a  spectrum  analyzer  trace  showing  the  output  of  the  circuit  with  a  +10-dBm 
input  slowly  swept  from  250  to  350  MHz.  Figure  5-8(a)  is  with  the  PLL  disabled,  thus  showing 
the  insertion  loss,  and  (b)  with  the  PLL  enabled  shows  a  minimum  of  40-dB  cancellation.  The 
circuit  performance  is  slightly  less  than  that  predicted,  primarily  because  of  parasitic  circuit  ele¬ 
ments  which  would  be  significantly  reduced  in  a  packaged  design. 


Figure  5-7.  Predicted  cancellation  ratio  vs  interference  level. 

Figure  5-9  is  an  oscilloscope  trace  of  an  RF  signal  in  and  out  of  the  canceler,  which  dramati¬ 
cally  demonstrates  the  dynamic  performance.  The  signal  is  stepped  70  MHz  in  frequency  and 
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Figure  5-9.  Narrowband  canceter  response  to  steps  in  frequency  and  amplitude  JO- dBm  maximum  input  level). 


turned  off  for  a  short  duration  to  demonstrate  the  transient  response  to  both  a  step  in  frequency 
and  amplitude.  The  expanded  view  of  the  transients  shows  that  the  system  settles  to  40-dB  cancel¬ 
lation  in  response  to  transients  in  both  frequency  and  amplitude  in  20  ps  or  less,  which  means  it 
is  capable  of  tracking  a  frequency  hopper. 

G.T.  Flynn 
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